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AN OVERVIEW OF FUSION ENERGY SCIENCE 


WEDNESDAY, APRIL 20, 2016 

House of Representatives, 
Subcommittee on Energy, 

Committee on Science, Space, and Technology, 

Washington, D.C. 

The Subcommittee met, pursuant to call, at 10:09 a.m., in Room 
2318, Rayburn House Office Building, Hon. Randy Weber [Chair- 
man of the Subcommittee] presiding. 
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U.S. HOUSE OF REPRESENTATIVES 
COMMITTEE ON SCIENCE, SPACE, AND TECHNOLOGY 
SUBCOMMITTEE ON ENERGY 

HEARING CHARTER 

An Overview of Fusion Energy Science 

April 20, 2016 
10:00 a.m. - 12:00 p.m. 

2318 Rayburn House Office Building 


Purpose 

On April 20, 201 6, the Energy Subcommittee will hold a hearing on fusion energy 
research and development in Room 23 1 8 of the Rayburn House Office Building. The hearing 
will examine progress in the area of fusion energy sciences as well as a status update of ITER. 
Based in southern France, 35 nations are collaborating on the ITER project to build the world’s 
largest tokamak, which is a magnetic fusion device designed to prove the feasibility of fusion as 
an energy source. ' 

Witnesses 

• Dr. Bernard Bigot, Director General, ITER Organization 

• Dr. Stewart Prager, Director, Princeton Plasma Physics Laboratory 

• Dr. Scott Hsu, Scientist, Physics Division, Los Alamos National Laboratory 

Background 

The pursuit of a fusion-based reactor represents mankind’s attempt to replicate the power 
of a star on earth. The potential benefits to society from a net-power fusion reactor are beyond 
calculation, yet fusion energy science remains one the most challenging areas of experimental 
physics. The Department of Energy (DOE) supports fusion research primarily through its Fusion 
Energy Sciences (FES) program within the Office of Science. The mission of FES is “to expand 
the fundamental understanding of matter at very high temperatures and densities and to build the 
scientific foundation needed to develop a fusion energy source.”^ FES funding has declined in 
recent years from $468 million in FY2015 to $438 million in FY2016 while the current DOE 
FY201 7 budget request is $398 million (including U.S. contributions to the ITER project).^ 

The Princeton Plasma Physics Laboratory (PPPL) is the DOE’s primary laboratory 
dedicated to developing a scientific and technical knowledge base relevant to fusion energy and 

^ See ITER website here: httD://wwvv.iter.org/proi/inafewlines 

• U.S. Department of Energy, FY 2017 Congressional Budget Request, Vol. 4 at page 137, available here: 
http://energv.gOv/sites/Drod/files/2016/Q2/f29/FY20l7BudgetVolume%204.pdf 

’’ See DOE FY20 1 7 Congressional Budget Request supra at page 1 38. 


1 



4 


plasma physics."* PPPL’s research focuses on activities rvith breakthrough potential to 
understand phenomena involving matter at very high temperatures and very high density. PPPL 
recently completed an upgrade to its national user facility, the National Spherical Torus 
Experiment (NSTX), which enables research for users across the United States and abroad.^ 
PPPL also maintains expertise and supports research on nonconventional fusion concepts (non- 
tokamak), including the recent stellarator experiment in Germany (known as the Wendelstein 7- 
X).* Other DOE laboratories, such as Los Alamos National Laboratory (LANL), maintain 
expertise in alternative fusion concepts including magnetized target fusion research.^ 

The ITER project is a major scientific collaboration between the European Union, Japan, 
South Korea, China, India, the Russian Federation, and the United States to design, build, and 
operate what will be the world’s largest tokamak reactor.® The reactor itself will be the world’s 
“first magnetic confinement long-pulse, high-power burning plasma experiment aimed at 
demonstrating the scientific and technical feasibility of fusion energy.”^ The FY201 7 budget 
request for ITER is $125 million.'** The projected total cost for the U.S. participation in ITER is 
approximately $4 - 6.5 billion." 

In 2005, Congress authorized the Secretary of Energy to negotiate an agreement for U.S. 
participation in ITER (“the ITER Agreement” or “the Agreement”),'^ which entered into force in 
2007.'^ The ITER Agreement is the controlling document for the United States’ membership in 
the project and the DOE fulfills its obligations under the Agreement by supplying personnel, 
delivering predetermined hardware components, and cash contributions to the ITER 
Organization for the United States’ share of common expenses. Under the Agreement, the 
European Union is obligated to pay for 45.46 percent of the construction costs, while the United 
States as a non-host member is obligated to contribute 9.09 percent of construction costs. The 
United States’ cost allocation is 1 3 percent of the total for operations, deactivation, and 
decommissioning of the facility. As a member of the ITER organization, the U.S. will have full 
access to the ITER reactor to carry out experiments and draw knowledge from the cutting-edge 
research capabilities that will be offered from this first-of-a-kind facility. 


■* See PPPL website here: http://vvww.ppDl.gov/about 

* See PPPL website here: http://www.pppl.gov/nslx 

* See more on PPPL collaboration on the Wendelstein 7-x stellerator here: 
http://www.princeton.edu/main/new5/archive/S45/46/76M62/ 

^ See more on magnetized target fusion here: http://wwvv.hvperv.com/pufas/Scientia-Article.pdf 
^ For more information on tokamaks, see the ITER website here: https://wwvv.iter.ore./mach/tQkamak 
See DOE FY20i7 Congressional Budget Request sw/ira at page 137. 

See Id. at page 138. 

' ' These costs span a wide range based on various contingencies and factors to be determined as the ITER project 
moves forward. See more information from the Government Accountability Office here: 
http://wvvw.gao.eov/assets,/670/663832.pdf 
Energy Policy Act of 2005 §972, 42 U.S.C. §16312 (2005). 

See DOE FES website here: http://science.enentv. gov/fes/research/ 

See U.S. ITER website here: htlps://wvvw.n.siter.org/about/index.shtml : For more information on hardware 
contributions, see here: https:,/'www.usiter.ora/about/ushardware/index.shtmi 
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Chairman Weber. The Subcommittee on Energy will come to 
order. 

And without objection, the Chair is authorized to declare recesses 
of the Subcommittee at any time. 

And we want to welcome you to today’s hearing entitled “An 
Overview of Fusion Energy Science.” I recognize myself for five 
minutes. 

Today, we will hear from a panel of experts on the status of fu- 
sion energy science and learn about what can be done to advance 
this research and technology looking forward. We have two DOE 
national labs represented here today, as well as the ITER Organi- 
zation. These experts represent the world’s efforts to advance fu- 
sion energy science. 

The Science Committee has bipartisan interest in fusion energy 
research and development, and we look forward to hearing from 
our witnesses today about the future of this very, very exciting re- 
search. 

Fusion energy science is groundbreaking because researchers are 
working towards a goal that seems actually beyond reach: to create 
a star on Earth, to contain it, and control it to the point that we 
can convert the immense heat into electricity. Fusion clearly is 
high-risk yet high-reward research and development. 

One of the Energy Subcommittee’s key responsibilities is to 
maintain oversight of the research activities within the Office of 
Science. As the authorizing committee, we must also consider the 
prospects of future research investments. 

The doe’s current budget request for fiscal year 2017 is approxi- 
mately $398 million, a proposed cut from fiscal year 2016-enacted 
levels at $438 million. 

Funding for fusion energy science has been on a downward trend 
over the past few years. This sends a signal of uncertainty to the 
fusion research community of America’s commitment to lead in this 
science. Congress must decide how to effectively invest taxpayer 
dollars in basic research that provides the scientific foundation for 
technologies that today might seem impossible. 

Today, we will hear testimony from Dr. Stewart Prager, Director 
of the Princeton Plasma Physics Laboratory, which is the nation’s 
preeminent lab in fusion science. Under his leadership, Princeton’s 
recent upgrade to its spherical tokamak — I keep wanting to say 
tomahawk, and I know that’s not right — tokamak fusion reactor 
was completed on time and on budget. Dr. Prager, can you teach 
Congress how to do that with other programs? 

I look forward to discussing with Dr. Prager what opportunities 
exist for the United States to play a larger role in fusion energy 
research and development. 

I also look forward to hearing from Dr. Scott Hsu — am I pro- 
nouncing that right. Dr. Hsu — of Los Alamos National Laboratory. 
Dr. Hsu’s work is a great example of how our experts responsible 
for maintaining the nation’s nuclear weapons stockpile can apply 
their knowledge for an alternate use. 

Of course, we’re all interested to get a status update on — is it 
ITER or ITER? ITER, okay. With the complexity of a multinational 
collaboration like ITER, this project has faced more challenges than 
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most. The Department of Energy will release its own assessment 
of this project in early May. 

Fortunately, today, we have the opportunity to hear from the Di- 
rector General of the ITER project directly. Dr. Bernard — is it 
Bigot? 

Dr. Bigot. Certainly. 

Chairman Weber. Okay. Dr. Bigot’s track record as the ITER Di- 
rector General thus far has been stellar and inspiring. Dr. Bigot, 
we look forward to your testimony today. 

It is important that this committee continues to scrutinize the 
progress of ITER to ensure that it remains a good investment of 
taxpayer dollars. We must also consider the importance of access 
to the ITER reactor for American researchers and America’s stand- 
ing and credibility as a global scientific collaborator. If the United 
States is going to lead the world in cutting-edge science, we cannot 
take our commitments to our international partners lightly, and we 
must not undermine progress on these complex projects. 

I want to thank our accomplished panel of witnesses for testi- 
fying on fusion energy research and development today, and I look 
forward to a productive discussion about this exciting area of basic 
science. 

[The prepared statement of Chairman Weber follows:] 
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COMMITTEE ON 

SCIENCE, SPACE, & TECHNOLOGY 

Lamar Smith, Chairmarr 

For Immediate Release Media Contact: Zachary Kurz 

April 20, 201 6 (202)225-6371 

Statement of Energy Subcommittee Chairman Randy Weber (R-Texas) 

An Overview of Fusion Energy Science 

Chairman Weber: Good morning and welcome to today's Energy Subcommittee 
hearing on fusion energy science. Today, we will hear from a panel of experts on the 
status of fusion energy science and learn about what can be done to advance this 
research and technology looking fonward. 

We have two DOE national labs represented here today as well as the ITER 
Organization. These experts represent the world's efforts to advance fusion energy 
science. The Science Committee has bipartisan interest in fusion energy research and 
development, and we look forward to hearing from our witnesses about the future of 
this exciting research. 

Fusion energy science is groundbreaking because researchers are working towards a 
goal that seems beyond reach - to create a star to earth, contain it, and control it to 
the point that we can convert the immense heat into electricity. Fusion clearly is high 
risk, high reward research and development. 

One of the Energy Subcommittee's key responsibilities is to maintain oversight of the 
research activities within the Office of Science. As the authorizing committee, we must 
also consider the prospects of future research investments. 

The DOE'S current budget request for fiscal year 201 7 is approximately $398 million, a 
proposed cut from fiscal year 2016 enacted levels at $438 million. Funding for fusion 
energy science has been on a downward trend over the past few years. This sends a 
signal of uncertainty to the fusion research community of America's commitment to 
lead in this science. 

Congress must decide how to effectively invest taxpayer dollars in basic research that 
provides the scientific foundation for technologies that today seem impossible. 

Today we will hear testimony from Dr. Stewart Prager, Director of the Princeton Plasma 
Physics Laboratory, which is the nation’s preeminent lab in fusion science. Under his 
leadership, Princeton's recent upgrade to its spherical tokamak fusion reactor was 
completed on time and on budget. I look forward to discussing with Dr. Prager what 
opportunities exist for the United States to play a larger role in fusion energy R&D. 
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I also look forward to hearing from Dr. Scoff Hsu of Los Alamos Nafional Laborafory. Dr. 
Hsu's work is a greaf example of how our experts responsible for maintaining the 
Nation's nuclear weapons stockpile can apply their knowledge for an alternate use. 

Of course, we are all interested to get a status update on ITER. With the complexity of 
a multinational collaboration like ITER, this project has faced more challenges than 
most. The Department of Energy will release its own assessment of this project in early 
May. Fortunately, today we have the opportunity to hear from the Director General of 
the ITER project directly. Dr. Bernard Bigot. Dr. Bigot's track record as the ITER Director 
General thus far has been stellar and inspiring. Dr. Bigot, we look forward to your 
testimony today. 

It is important that this Committee continues to scrutinize the progress of ITER to ensure 
that it remains a good investment of tax payer dollars. 

We must consider the importance of access to the ITER reactor for American 
researchers and America's standing and credibility as a global scientific collaborator, 
if the U.S. is going to lead the world in cutting edge science, we cannot take our 
commitments to our international partners lightly and we cannot undermine progress 
on complex projects. 

1 want to thank our accomplished panel of witnesses for testifying on fusion energy 
research and development today, and I look forward to a productive discussion 
about this exciting area of basic science. 


### 
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Chairman Weber. I’ll now yield to the Ranking Member. 

Mr. Grayson. Thank you, Mr. Chairman. 

I welcome this distinguished panel of witnesses here today to dis- 
cuss a topic that is of critical importance to the future of our nation 
and in fact the entire world. 

Fusion energy has the potential to provide a practically unlim- 
ited supply of safe, reliable, clean energy to us all. While we’ve yet 
to achieve a viable fusion reactor, I believe there’s many paths that 
we have to do so. I also don’t believe that we’re doing nearly 
enough to ensure that we’re pursuing the most promising ap- 
proaches to achieve this goal quickly and effectively as possible. 

Fusion energy can be an enormous global boon to every living 
human being, and it’s going to happen. Whether it happens five 
years from now or 50 years from now depends on the decisions that 
we make and the work that you do. 

That’s why, while I appreciate the participation of both the ITER 
Director General and the Director of the DOE’s only national lab- 
oratory dedicated to advancing fusion energy. I’m also particularly 
pleased that we have Dr. Hsu here on the panel this morning. He’s 
the recipient of the largest award in the recently established 
ARPA-E program that’s examining the potential for alternative in- 
novative fusion energy concepts, this one called magnetized target 
fusion, which may achieve net energy production far sooner and 
with much lower capital costs than conventional existing ap- 
proaches. I also look forward to hearing Dr. Hsu’s thoughts on how 
the Department of Energy can better support and assess the viabil- 
ity more generally of a breakthrough approaches like this. 

And I look forward to learning more about the progress that 
ITER has made under Dr. Bigot’s leadership to address previously 
identified management deficiencies and to establish a more reliable 
path forward for the project. 

And finally, I look forward to Dr. Prager’s views on how we can 
and should regain or maintain U.S. leadership in fusion energy de- 
velopment moving forward. 

I think that this panel today goes right to the heart of why we 
do the work we do in research in America through the U.S. Govern- 
ment and otherwise. It’s going to happen. Sooner or later mankind 
will definitely, without any doubt, establish a means to generate 
fusion energy and meet our energy needs this way. The question 
is it’s going to happen during our lifetimes and our generation or 
the next generation or the one after that. I prefer to see it happen 
in my generation, and I’ll know that when that does happen, I will 
feel very proud that we sat here today, learned how to make that 
happen, and then did what we needed to do to go ahead and to de- 
liver this breakthrough energy source to all mankind. 

I yield back. 

[The prepared statement of Mr. Grayson follows:] 
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OPENING STATEMENT 
Ranking Member Alan Grayson (D-FL) 
of the Energy Subcommittee 

Committee on Science, Space, and Technology 
Energy Subcommittee Hearing 
“An Overview of Fusion Energy Science ” 
April 20,2016 


Thank you, Mr. Chairman. I would like to welcome this distinguished panel of witnesses here 
today to discuss a topic that I believe is of critical importance to the future of our nation, and 
indeed, the world. 

Fusion energy has the potential to provide a practically unlimited supply of safe, reliable, clean 
energy to us all. While we have yet to achieve a viable fusion reactor, 1 believe that there are 
many paths to do so. I also do not believe that we are doing nearly enough to ensure that we are 
pursuing the most promising approaches to achieving this goal, and we’re not doing it as quickly, 
and as effectively, as possible. 

Fusion energy can be a global game-changer, and it is going to happen. Whether it happens 5 
years from now, or 50 years from now, depends on the decisions that we make. 

That is why, while 1 appreciate the participation of both the ITER Director General and the 
Director of DOE’ s only national laboratory dedicated to advancing fusion energy, I am also 
particularly pleased that we have Dr. Hsu on the panel this morning. He is the recipient of the 
largest award from a recently established ARPA-E program, that is examining the potential for 
an alternative innovative fusion energy concept, called magnetized target fusion, which may 
achieve net energy production far sooner and with much lower capital costs than conventional 
approaches. 

I look forward to hearing Dr. Hsu’s thoughts on how the Department of Energy can better 
support and assess the viability of game-changing approaches like his. I also look forward to 
learning more about the progress that ITER has made under Dr. Bigot’s leadership to address 
previously identified management deficiencies and to establish a more reliable path forward for 
the project. And finally, 1 look forward to hearing Dr. Prager’s views on how we can, and should, 
regain U.S. leadership in fusion energy development, moving forward. 

Thank you all again for being here today. 1 yield back. 
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Chairman Weber. Thank you, Mr. Grayson. 

I now recognize Chairman Smith, the Chairman of the full com- 
mittee. Mr. Smith? 

Chairman Smith. Thank you, Mr. Chairman. 

And I appreciate both your opening statement and the Ranking 
Member’s longstanding interest in fusion energy. And I tend to 
think he’s correct; I hope it happens sooner rather than later. 

Today, we will hear about the status of fusion energy research 
and development and the prospects of future scientific discovery in 
fusion energy. The basic idea of fusion energy is to create the 
equivalent of the power source of a star here on Earth. The same 
nuclear reactions that occur in a star would be recreated and con- 
trolled within a fusion reactor. The heat from these reactions would 
ultimately be converted into renewable and reliable electricity. 

It has captured the imagination of scientists and engineers for 
over half-a-century. At the Princeton Plasma Physics Laboratory, 
the National Spherical Torus Experiment enables scientists from 
across the country to carry out experiments in cutting-edge fusion 
research. Someday, the results of this research may provide the sci- 
entific foundation for producing power through fusion. 

Other DOE labs also support fusion research. At Los Alamos Na- 
tional Laboratory, our nuclear weapons researchers apply their ex- 
pertise to the development of innovation — innovative fusion con- 
cepts. 

The ultimate goal in fusion energy science is to provide a sus- 
tainable, renewable, zero-emissions energy source. We cannot say 
when fusion will be a viable part of our energy portfolio, but we 
should support this critical science that could benefit future gen- 
erations. 

One major step toward achieving this goal is ITER. The ITER 
project is a multinational collaborative effort to build the world’s 
largest tokamak-type fusion reactor. The federal government 
should invest in long-term challenging science projects such as this, 
which will ensure America remains a world leader in innovation. 

Today, we will hear from the Director General of ITER, who will 
provide an update on the project’s advances and challenges. 

Basic research, such as fusion energy science, provides the 
underpinnings for groundbreaking technology. This type of energy 
R&D is still in its early stages and requires commitment and lead- 
ership. Unfortunately, the President has not provided the leader- 
ship that is necessary and has repeatedly cut funding for fusion 
science. Despite the President’s promises to support clean energy 
R&D, his lack of support for fusion energy is more than dis- 
appointing. 

Fusion energy is the type of technology that could someday 
change the way we think about energy. To maintain our competi- 
tive advantage, we must continue to support the basic research 
that will lead to next-generation energy technologies. 

Thank you, Mr. Chairman. 

[The prepared statement of Chairman Smith follows:] 
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lomar Smith, Chairman 
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Statement of Chairman Lamar Smith (R-Texas) 

An Overview of Fusion Energy Science 

Chairman Smith: Thank you, Mr. Chairman. Today we will hear about the status of 
fusion energy research and development and the prospects of future scientific 
discovery in fusion energy. 

The basic idea of fusion energy is to create the equivalent of the power source of a 
star here on earth. The same nuclear reactions that occur in a star would be recreated 
and controlled within a fusion reactor. The heat from these reactions would ultimately 
be converted into renewable and reliable electricity. It has captured the imagination 
of scientists and engineers for over half a century. 

At the Princeton Plasma Physics Laboratory, the National Spherical Torus Experiment 
enables scientists from across the country to carry out experiments in cutting-edge 
fusion research. Someday, the results of this research may provide the scientific 
foundation for producing power through fusion. 

Other DOE labs also support fusion research. At Los Alamos National Laboratory, our 
nuclear weapons researchers apply their expertise to the development of innovative 
fusion concepts. 

The ultimate goal in fusion energy science is to provide a sustainable, renewable, zero- 
emissions energy source. We cannot say when fusion will be a viable part of our 
energy portfolio, but we should support this critical science that could benefit future 
generations. 

One major step toward achieving this goal is ITER . The ITER project is a multinational 
collaborative effort to build the world’s largest tokamak-type fusion reactor. 

The federal government should invest in long-term challenging science projects such 
as this, which will ensure America remains a world leader in innovation. 

Today, we will hear from the Director General of ITER who will provide an update on 
the project's advances and challenges. 

Basic research, such as fusion energy science, provides the underpinnings for 
groundbreaking technology. This type of energy R8,D is still in its early stages and 
requires commitment and leadership. 
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Unfortunately, the president has not provided the leadership that is necessary and has 
repeatedly cut funding for fusion science. Despite the president's promises to support 
clean energy R&D, his lack of support for fusion energy is more than disappointing. 
Fusion energy is the type of technology that could someday change the way we think 
about energy. To maintain our competitive advantage, we must continue to support 
the basic research that will lead to next generation energy technologies. 

Thank you Mr. Chairman, and I yield back. 

### 
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Chairman Smith. Before I yield back, I want to explain to my 
colleagues and our expert panelists today that I have a Judiciary 
Committee markup, so I’m going to have to excuse myself but hope 
to be back. Thank you. 

Chairman Weber. Thank you. Chairman Smith. 

Our witnesses today — our first witness is Dr. Bernard Bigot, Di- 
rector General of the ITER Organization. Dr. Bigot received his 
bachelor’s degree in mathematics from Claremont McKenna Col- 
lege and his MBA from Harvard Business School. 

Our next witness today is Dr. Stewart Prager, Director of the 
Princeton Plasma Physics Laboratory. Dr. Prager received his 
Ph.D. in plasma physics from Columbia University. 

And our final witness today is Dr. Scott Hsu, scientist in the 
Physics Division of the Los Alamos National Laboratory. Dr. Hsu 
received his Ph.D. in astrophysical sciences from Princeton. 

I’m now going to recognize Dr. Bigot, Mr. Grayson, for five min- 
utes to present his testimony, and he’s going to tell us when they’re 
going to get the fusion problem fixed. 

Dr. Bigot, you’re recognized for five minutes. 

TESTIMONY OF DR. BERNARD BIGOT, 

DIRECTOR GENERAL, ITER ORGANIZATION 

Dr. Bigot. Thank you very much. Thank you. Chairman Weber, 
Ranking Member Grayson, and distinguished — sorry. I would like 
also to recognize the full committee Chairman Smith, which was 
there a few minutes ago. 

I’m grateful and deeply honored for this opportunity to present 
to you the status of progress on the ITER project. May I have the 
first slide? 

[Slide.] 

So you see on this slide the worksite, okay, we have something 
old, which is the steel frame just in front of you, and just behind 
is a tokamak pit. It was recorded in last September, and I hope you 
will be able to view the video we have prepared for you. It will 
show the real progress and the very short time. 

Next slide, please. 

[Slide.] 

As you know, the project started in 2007, and after nearly ten 
years — it will be ten years, okay, on next January — it was obvious 
for many that we have some organizational shortcoming. And is 
why in a management assessment report, which has been provided 
by Bill Madia, Dr. Bill Madia in 2013, they point out some specific 
issue which have to be fixed. 

This is why in early August 2014 I was questioned if I could con- 
sider to take some responsibility in order to help this project, and 
after nearly 12 years as a head of Atomic Energy Commission and 
Alternative Energies Commission in Erance, I consider such possi- 
bility. But I said I want to do it only after we have an agreement 
of an action plan to be sure that all the ITER members support the 
recovery plan we needed. And is why we tried to fix, okay, the or- 
ganization. 

We decide on — about effective decision process. We set up Execu- 
tive Project Board. We gathered together project team in such a 
way we have an integrated, okay, way to proceed with domestic 
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agencies, seven domestic agencies, which have to provide nearly 90 
percent of the value of the project. And I am very pleased to say 
that we have made very important progress in this field. 

The second important point was to freeze the design. When you 
are to huild the machine now, you need to have really a full, okay, 
finalization of the design. And as you see on the vacuum vessel sec- 
tor, nine of them are like this. There is many, many piece to as- 
semble. So if you have no finalization of the design, it will delay 
the delivery. Now on the most important for me is ITER Organiza- 
tion as a design responsible and as the owner of the project must 
not be a limiting step on any progress for the project. 

Also, we develop a large, okay, project culture, nuclear recogni- 
tion of — it is a statement we have to do, and I am pleased to see 
that the whole staff now is moving on in this direction. But may 
be the most important for me is to have a schedule. And when I 
come in, I discover that, okay, many people don’t feel that the 
schedule wasn’t right. And it’s why we tried to fix it. I am pleased 
to say that we have made it okay as of last November. The ITER 
council agrees on the first years and we set up some milestones. 

Next slide, please. 

[Slide.] 

And so you see some of the milestones, and I don’t want to depict 
it in detail, but really it’s impressive how large the progress has 
been made once we free the energy of the suppliers and have a 
clear plan. 

Next slide, please. 

[Slide.] 

Some other milestones, as you see. 

Next. 

[Slide.] 

Okay. The most important was for the ITER members to have an 
assessment of our proposal as a schedule, and is why, we have an 
independent review panel. And I’m very pleased to say that on time 
the panel has delivered its report. On last Friday, April 15, we’ve, 
as you see, quite a positive assessment on the way we are pro- 
ceeding. 

Next slide. 

[Slide.] 

Okay. And now we expect that on the basis of this report that 
we will be able to have a final decision, okay, on 27th of April I 
expect that the ITER council extraordinary meeting will be able to 
examine the finding of those independent report and give full guid- 
ance on the next steps. And on the next two ITER Council, we will 
have approval of the baseline in such a way we can move on to 
First Plasma first and after to DT, deuterium-tritium commis- 
sioning. 

Next slide. 

[Slide.] 

Now, okay, why is the U.S. and the many ITER members has to 
stay in in this larger project is because I do believe it’s worth for 
them to share their capacity. We’ve limited investment, nine per- 
cent, while it would be a 100 percent return due to the full sharing 
of intellectual property and operational know-how. 

Next slide. 
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[Slide.] 

As you know, the United States is largely contributing, with 
many national labs been involved in. And you imagine that if the 
U.S. alone or any other ITER members has to contribute all to- 
gether, it will take much more time. 

Next steps, okay. 

[Slide.] 

Not only we are developing technology for fusion but for many 
other cutting-edge technologies and superconducting materials 
under final distribution and all these things. 

Next. 

[Slide.] 

you see here a map which show that many States in the U.S. is 
involved in the industrialization of this project. Nearly $800 million 
has been already awarded to the industry. Eighty percent are spent 
fully in the United States of taxpayer money from the United 
States and even more, all the partners are requesting the U.S. in- 
dustry to deliver. 

Next. 

[Slide.] 

Here is a full list of all the potential suppliers in the, okay, last 
time. 

Next. Next. Okay. 

[Slide.] 

And we do believe it’s important that it is agreed to global sense 
of urgency about the importance of fusion as you depict because 
whatever we do, we need to provide more energy due to the in- 
crease in population and also the increase in the level of livestyle 
now. 

Next. 

[Slide.] 

Addressing also some environmental concerns, and you see we 
depict some possibility. And there is not a silver bullet. We have 
to make some innovation in order to be able to, okay, fulfill the ex- 
pectation of energy supply. And there’s big players are not only the 
United States but also some others, and we have not able to move 
on. It will be difficult. And I’m very pleased to tell you that last 
weeks I was in China, and China is now pushing very hard in 
order to be able to deliver. 

Last slide, I do believe. 

[Slide.] 

Fusion is really making the case, as you mentioned, clean, safe, 
abundant, and economic energy potential. 

And last slide. 

[Slide.] 

Just to show you that we are now moving on, okay, with this pic- 
ture. And if you agree, we could have this video just showing you, 
okay, how it is now in the last few days on the working site. 

Thank you for your attention, and I’m ready to listen to any of 
your question. 

[The prepared statement of Dr. Bigot follows:] 
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Thank you Chairman Weber, Ranking Member Grayson, and distinguished members of the 
Committee. 1 am grateful for this opportunity to present to you the status of progress on the 
ITER Project. 

Introduction 

Today we are at a critical time in the history of the ITER Project and the ITER Organization. 
Since I accepted the position of Director-General, 13 months ago, I do believe we have been 
moving at a rapid pace in accordance with the ITER Members’ expectation. For the project to 
move forward, it was essential for us to accomplish two objectives at once: first, to execute 
sweeping organizational reform, fully addressing and correcting the problems identified in the 
2013 Management Assessment report; and second, while in the midst of this reform, to shift 
from design and early construction activities to full-paced construction and manufacturing, 
making tangible progress to demonstrate we had the capacity, with reliability, to actually build 
the machine. 

1 am pleased to say, looking back, that we have done both. Today is no time for relaxation or 
self-congratulation, but it is worth reflecting on how we have gotten ITER back on track, 
because we must understand how to sustain this pace, keep our momentum, while continuing to 
improve in several specific areas. Who would have expected that every point of the concerns of 
ITER Members in 2013-2014 would be fixed within one year of new management? 

It is particularly gratifying for me to report that, as of last week, we have received new external 
validation of our progress, based on the report of the independent Review Group appointed by 
the ITER Council. Although that report is not being made publicly available until the meeting 
of the Extraordinary ITER Council in Paris one week from now, I will discuss it with you in 
detail in agreement with the ITER Council Chair, Professor Won Namkung. 

Fundamentally, I hope to answer three questions in this hearing that I believe are of relevance 
to you, as responsible leaders and decision-makers: 

• Why should the United States and other ITER members have confidence that the ITER 
Project is back on track? 

• Why should we consider ITER and its global partnership a sound investment for its 
Members, and for the U.S. in particular? 

• Why should there be a greater global sense of urgency about the importance of fusion to 
our future? 
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1. The ITER Project: A Basis for Renewed Confidence 

Fusion is the mass-to-energy conversion that occurs in the core of the Sun and all the stars. It is 
the most powerful source of energy in the universe. Every second, our Sun fuses 600 million 
tons of hydrogen into helium. It is this fusion reaction that gives the Earth light and warmth. 

The ITER International Fusion Energy Organization, a collaboration of seven members 
representing 35 countries and more than half the world’s population, is on its way to recreating 
the energy source of the Sun here on Earth, In Southern France, ITER is constructing the 
largest and most powerful controlled fusion device ever built. When finished, it will allow us to 
demonstrate the scientific and technological basis for large scale fusion energy. 

By its fundamental nature, ITER is a challenging project, due to its size, technological 
complexity, long timeline and consequent high cost. It is even more challenging because the 
ITER Agreement required a unique multinational structure: the ITER Organization serves as 
owner and coordinator of the whole ITER program as well as the nuclear operator; and seven 
domestic agencies are in charge of 90% of the value in the form of procuring the components 
of the ITER installation. Thus ITER is both a first-of-a-kind machine and a first-of-a-kind 
organization. 

This international approach has many desirable elements. It allows us to pool the best fusion 
science and engineering minds from around the globe. It lowers the financial and other risks for 
any one member. And it enables the joint creation and acquisition of intellectual property. The 
constant spin-off technologies that emerge from ITER - based on ground-breaking science and 
technological innovation - will be applicable to other industries and will open significant 
opportunities for multinational trade. 

Clearly, this organizational complexity requires top-notch management performance and 
execution. Each of the ITER Members has been successful in high-tech enterprises. But each 
one has a different approach to project management. Cultural and national differences lend 
complexities to other areas: communication, political decision-making, budgetary processes, 
labour practices, and other aspects. These complexities must be intelligently managed. 

The October 2013 Management Assessment, led by Bill Madia, identified 1 1 recommendations 
for urgent action. These recommendations were accepted and endorsed by the ITER 
Organization and its oversight body, the ITER Council: 

1 . Create a Project Culture 

2. Accelerate the Director-General transition 

3. Hold the Director-General accountable for resolving conflicts 

4. Reduce the number of senior managers in the ITER Organization 

5. Strengthen Systems Engineering 

6. Instill a strong Nuclear Safety Culture 

7. Develop a realistic ITER Project Schedule 

8. Align the interests of the ITER Organization and the Domestic Agencies 

9. Simplify and reduce the ITER Organization bureaucracy 

10. Use Human Resources systems and tools as a strategic asset 

1 1 . Improve Advisory Assessment responsiveness 
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In July 2014, when this Subcommittee held its most recent ITER management hearing, these 
deficiencies were understood and steps were being taken to address them. The chairmanship of 
the ITER Council had been assumed by Dr. Robert lotti, based on a U.S. recommendation. Bob 
lotti’s exceptional leadership skills, a combination of vision and pragmatism, commanded the 
respect of the ITER Organization and all the ITER members. Positive changes were made, but 
it was clear that neither the scope nor the pace was yet sufficient. 

In March 2015, after extensive consultation, 1 agreed to assume the role of ITER Director- 
General, based on the acceptance, by all ITER Members, of an Action Plan 1 proposed to get 
the project back on track. The Action Plan was designed to correct fully the deficiencies 
identified by the Management Assessment, while accomplishing several specific objectives: a 
structure for effective, efficient technological decision-making; profound integration of the 
work of the ITER Organization Central Team (lO-CT) with that of the Domestic Agencies; a 
comprehensive technological understanding of all aspects of the ITER machine; finalization of 
design for ITER’s critical path components; an updated, reliable schedule before the end of 
2015; and a project culture. 

The positive impacts of the Action Plan were rapidly evident. The ITER reorganization that 
followed created a structure and modes of interaction more suited to this complex, first-of-a- 
kind project. The Executive Project Board, made up of myself, my two deputies, and the heads 
of each Domestic Agency, has proven effective in resolving the technical questions that arise 
naturally at the interface of the ITER systems and components contributed by each Member. 
The Reserve Fund we set up is an efficient mechanism for financing timely adjustments to the 
design where necessary. The design finalization for critical path components has been a vital 
step to prevent further delays and cost overruns. And Project Teams, including all relevant 
actors in a single entity, are now guiding progress on the most critical project elements 
(Buildings, Cryogenics and Vacuum Vessel). 

Perhaps most significantly, after eight months of exhaustive technical analysis and consultation 
with DAs and suppliers, we successfully compiled a fully integrated schedule and resource 
assessment. This result - reflecting comprehensive understanding of a machine that will have 
more than 1 million components, with manufacturing, construction and assembly constituting 
more than 200,000 activities - is the essential foundation to give confidence that the ITER 
Project can progress from this point forward on a realistic and reliable basis. It offers the fastest 
possible technical path to ITER full functionality: First Plasma and later Deuterium-Tritium 
operation. 

In November 2015 - on time and as promised - I presented this “Best Technically Achievable 
Schedule” to the ITER Council, 

The Council acknowledged the much-improved understanding of project scope, sequencing, 
risks, and costs achieved by this systematic review. It expressed appreciation for the tangible 
progress in construction and manufacturing. And it took three broad decisions to consolidate 
and build on the ITER Organization and Domestic Agency efforts. 

First, on the technical front, the Council approved the proposed schedule for 2016-17 - using 
our submitted schedule as a reference - to ensure the ITER Project would keep its momentum. 
The Council approved a set of 29 well-defined technical and organizational milestones, 
referenced to this schedule, which can be used to monitor our ongoing reliability and progress 
on the critical issues. If achieved successfully and on time, these milestones will demonstrate 
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that the ITER Project is staying on pace. The Council also approved the allocation of additional 
staff, and the re-allocatlon of existing funding, to ensure the ITER Organization has the needed 
resources to meet these milestones over this two-year period. 

I am pleased to report that, to date, 8 of the 29 milestones have been achieved, on time and as 
promised. While we have experienced challenges and minor delays with individual milestones, 
we have in each case mitigated the challenges, offset the delays and gotten back on track. 
Overall there has been no slippage whatsoever in the reference schedule. 

Secondly, the ITER Council called for an independent review of the overall proposed schedule 
and associated resources, to validate our methodology and analysis, to suggest adjustments and 
improvements where warranted, and if possible to identify additional measures for 
consolidating and expediting the schedule and reducing costs. 

Thirdly, and in parallel, the ITER Members are engaged in a series of discussions, as 
anticipated, regarding the proposed “Best Technically Achievable Schedule” and associated 
resource assessment. The focus of this effort is to consider the priorities and resource 
constraints of ITER Member governments, including manufacturing schedules and the 
interfaces of each Member’s in-kind contributions. Through a series of iterations, the Council 
is committed to reach an agreed Updated Schedule and corresponding Baseline through First 
Plasma by the next regular ITER Council meeting in June 2016. 

Findings of the Independent ITER Council Review Group 

Regardless of the renewed commitment, accountability and performance of the ITER 
Organization and its Domestic Agencies, and our belief that we can reliably deliver the ITER 
Project as promised, it is gratifying to receive external validation. In that regard, I would like to 
summarize in some detail the findings of the ITER Council Review Group. The group 
consisted of 14 international experts, chosen by the ITER Council. Given the broad charter of 
the group and the intensive nature of their review, I am especially pleased that we were able to 
support every request for information, every drill-down into the project details, so that they 
could successfully deliver their report last Friday, 1 5 April, on time and as promised. 

In its general overview, the Review Group found that the major restructuring we have 
undertaken, “with highly experienced senior managers leading the ITER Organization Central 
Team,” has resulted in “substantial improvement in project performance, a high degree of 
motivation, and considerable progress during the past 12 months.” 

The Review Group took note that the ITER Organization is in the process of employing an 
“Earned Value Management System” as a means of tracking performance and progress, in 
terms of both cost and schedule. The current “overall value-weighted estimate for construction 
project completion” through First Plasma - when accounting for all design work, ITER 
Organization Central Team contributions, and Domestic Agency in-kind contributions - is 
reported as approximately 40%. 

A primary focus of the Review Group’s work was to evaluate the reliability of our efforts to 
develop a realistic project schedule and associated ITER Organization resource estimate. After 
extensive consideration, the Review Group reached several key observations and conclusions 
in this area: 
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• Schedule Approach: The proposed schedule was considered successful in “fully and 
logically” mapping the “sequence and duration” of the activities of the ITER Project 
through completion. The methods employed were found to be “rigorous and ... applied 
systematically from the bottom up,” giving confidence that the inventory of activities in 
the schedule is “complete, with no significant omission.” Regarding the possibility of 
schedule consolidation, the Review Group concluded that “there seems to be no 
possibility to accelerate the delivery date of [First Plasma].” 

• Resource Estimate: Similarly, the associated resource estimate for the ITER 
Organization was found to be complete, including elements that had not previously 
been accounted for, thus providing “a credible estimate of cost and human resources.” 
It is worth noticing that the resource estimate does not include Domestic Agency 
activities - since each DA controls its own costs for in-kind contributions - but these 
DA activities are tracked with milestones that ensure appropriate integration into the 
overall schedule. The group conducted sample “drill-down” reviews in greater detail for 
seven major aspects of the resource estimates, and concluded that “resource estimates 
for [ITER Organization Central Team] costs were within a reasonable range for this 
stage of the project (i.e., not significantly over- or under-estimated).” 

• Risk Management: As proposed, the schedule and resource estimate do not include any 
contingency, and thus “cannot yet be considered to be reliable given that some risks 
will inevitably materialise.” The Review Group noted that, under the new Director- 
General, senior management is giving attention to the management of risk, 
characterized by “project-wide systematic identification of risks and opportunities, 
development of response strategies and specific mitigation plans, and estimation of the 
pre- and post-mitigation probabilities of occurrence.” As a result, the ‘TO’s risk 
management approach, organization, and processes are maturing at a good pace.” 

• Critical Path: The primary critical path elements for the project are the Vacuum Vessel, 
the Tokamak Building, and Assembly and Commissioning of the machine itself. The 
Review Group recommended that the First Plasma target date, in the new baseline, 
should incorporate “a reasonable contingency once an initial quantitative risk analysis is 
performed.” 

• Iteration Modelling: Following its meeting in November 2015, the ITER Council asked 
the ITER Organization to develop a revised schedule that would reflect the annual 
financial constraints of ITER Members. The ITER Organization has been working on 
this in a process referred to by the Review Group as “Iteration Modelling,” building on 
the work already invested in developing the “Best Technically Achievable Schedule,” 

This Iteration Modelling is intended to form the basis for agreement, by all ITER 
Members, on an Updated Schedule and Baseline by June 2016. Recognizing that this 
activity “is still a work in progress,” the Review Group nonetheless took a close look at 
the methodology involved, and specifically at the “staged approach” to the schedule 
that appears to be emerging. The Review Group observed that, “although the staged 
approach delays the crucial burning plasma experiments by a few years, it has a number 
of benefits” when compared to the “Best Technically Achievable Schedule.” These 
benefits, as outlined by the Review Group, would include: 

Enabling all ITER Members to “better focus on the successful achievement of [First 
Plasma]”; 

Lowering the project risk overall “by addressing the technical challenges step by 
step”; 

- Decreasing the 2017-2019 funding requirements, during a period “when some 
[Domestic Agencies] face budgetary constraints”; 
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- Providing greater “flexibility for accommodating delivery constraints” for both the 
ITER Organization and the Domestic Agencies; 

Allowing more time “to accommodate a longer research program between [First 
Plasma] and the start of [Deuterium-Tritium] Operation,” in turn enabling more 
thorough preparation for these crucial experiments. 

The Extraordinary Meeting of the ITER Council next week, on 27 April, will give us final 
direction and guidance regarding this proposed schedule. 

In addition to these specific technical points, the Review Group made a number of general 
recommendations : 

• Project Culture: The Review Group recognized the benefits of the considerable efforts 
made to date, including the establishment of Project Teams and other specific measures, 
and concluded that “The DG and his team are working successfully to create a project 
management culture at ITER.” However, they also saw this as an ongoing effort, calling 
for “a continued strengthening of the project management culture at all levels of the 
organisation.” 

• Reserve Fund: The guidelines governing the use of the Reserve Fund were found to be 
too narrow. Broadening these rules of use would enable the ITER Director-General “to 
use the Reserve Fund more effectively for the benefit of the project, for example to 
mitigate risks.” 

• Human Resources: In accordance with its charter, the Review Group specifically 
examined the effectiveness of ITER’s Human Resources function. They made specific 
recommendations related to: restricting ITER staff assignments to not more than two 
terms, with exceptions where needed; using contractors rather than employed staff “to 
address peak or more conventional requirements”; and developing a “skills/competency 
inventory” and a systematic approach to knowledge management. And they called for 
adjustments as needed to improve the diversity, flexibility, and supportive nature of the 
Human Resources function. 

• lO-CT and DA Integration: The Review Group noted that collaboration between the 
ITER Organization and the Domestic Agencies had improved markedly under the new 
leadership, but called for “further strengthening” of these relationships in a “culture of 
collaboration.” They stated, further: 

o “ITER must become the common project of all Members, and all priorities must 
be adjusted to meet the common goal: to make ITER and fusion a success.” 
o “Joint operation experience by personnel from all ITER Members in the coming 
years, using available Tokamak facilities, would be an important step in that 
direction, especially by providing a training ground for ITER scientists and 
engineers,” 

While it is evident that complete organizational reform cannot be instantaneous, I believe it is 
also clear that the ITER Project has undergone significant positive change over the past 13 
months, largely addressing the recommendations of the Madia Report and the corresponding 
elements of the Action Plan I proposed when taking office. Remaining corrective actions are 
well underway, with the focus and commitment to continue the reform until it is complete in all 
respects, and to instill a culture of continuous improvement. The tangible project achievements 
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during this period add further credibility to the capacity of the ITER Organization and the 
Domestic Agencies to meet their commitments with reliability. 

2. ITER: A Sound Investment 

The accomplishment of truly transformative science at a massive scale requires sustained and 
significant investment - of time, funding, and human capital - to succeed. The unique 
multinational structure of the ITER Project, while admittedly challenging to manage, leverages 
the costs and risks effectively across a global partnership. In sharing costs, the investment of 
each ITER member is leveraged, and the risks correspondingly reduced. 

The U.S. contribution to the ITER Project is 9.1% of the total. In return, the U.S. has access to 
100% of the scientific and technological advancements resulting from the project. This 
leverages the U.S. investment by a factor of more than 10: a solid investment by any measure. 

A key point regarding the value of ITER lies in the importance of achieving and studying a 
“burning plasma,” the core of a fusion reactor. A burning plasma is self-heating or nearly self- 
heating, because the power from the fusion of hydrogen into helium keeps the plasma at its 
ultra-high temperature - much like in the fusion that occurs in the Sun, After six decades of 
research on magnetic confinement fusion, this is the essential, unavoidable final step if we are 
to commercialize fusion energy. And a burning plasma can only be created and studied at full- 
scale. That is one of the primary reasons why ITER is necessary, and why the ground-breaking 
science of ITER will be of such value to all who participate. 

Other examples of science projects at ITER’s scale include the Large Hadron Collider, CERN, 
and the International Space Station. Each of these projects has demonstrated the benefits of 
collaboration across national boundaries. By bringing leading subject matter experts together 
and providing shared intellectual access, the most effective solutions to science and technology 
challenges emerge. 

The return on investment from such projects often comes in the form of technological spin- 
offs. Many spin-off benefits have already resulted from investments in fusion energy research; 
these benefits range from improvements in modem lighting, manufacturing, and medical 
applications to energy efficiency and the mitigation of environmental hazards. The September 
2015 report by FESAC, the Fusion Energy Sciences Advisory Committee of the U.S. 
Department of Energy, provides a thorough analysis of the far-ranging social and economic 
benefits of this science. 

At ITER specifically, we already are seeing these types of spin-off benefits, in areas such as 
remote handling robotics, power electronics, explosive metal forming, terahertz signal 
transmission, superconductors, and other technologies. 

Consider the ITER-related advancements in just one of these areas: superconductors. 
Superconductors are essential to the commercial viability of the Tokamak design. They 
consume less power and are cheaper to operate than conventional counterparts, while carrying 
higher current and producing stronger magnetic fields. ITER’s extraordinary technical 
requirements and the sheer amount of material required - 200 kilometres of cable-in-conduit, 
equivalent to 2,800 metric tons - resulted in a worldwide collaborative procurement effort 
involving nearly every ITER Member. 
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Before the ITER Project began, worldwide production of Niobium-Tin (NbsSn) superconductor 
cable was 20 metric tons per year. Now, two U.S. companies alone - Luvata Waterbury, Inc, in 
Connecticut, and Oxford Superconducting Technology in New Jersey - each are producing 5 
metric tons per month. This collaborative global effort prompted advancements in 
superconductor materials science. In addition, the successful multinational collaboration on 
superconductor design attributes, production standards, quality assurance measures and testing 
protocols for a project of this technical complexity is a remarkable achievement. The economic 
benefits and opportunities for cross-border trade extend well beyond fusion applications to 
other fields in which superconductors are essential, such as medical imaging and energy 
transportation. 

At this point in the project, based on data received from the U.S. ITER Domestic Agency, more 
than 500 contracts have been awarded in 43 states. More than 80% of the U.S. ITER Project 
fimding to date has remained in the U.S. The value of contracts awarded to U.S. industry and 
universities plus obligations to DOE national laboratories exceeds $800 million. Examples of 
major active contracts include General Atomics of California for central solenoid modules, 
New England Wire Technologies of New Hampshire for toroidal field conductor cabling, and 
Major Tool & Machine, Inc, of Indiana and Petersen, Inc. of Utah for central solenoid 
structures. In addition, other ITER Domestic Agencies have placed contracts with U.S, industry 
for more than $55 million. 

Fusion energy can be an important component of a long-term shift away from fossil fuels, and 
as such offers the potential for the development of a new and economically massive field of 
industry. Clearly, the timeline to such a return on investment is measured in decades. But along 
the way, the ground-breaking science and technological innovation emerging from the global 
partnership in ITER constitutes, in and of itself, a solid investment. 

3. Fusion; A Renewed Sense of Urgency 

The uniqueness of fusion as an energy source is best considered in the context of increasing 
global energy demand and the gradual diminishment of other sources of baseload electricity. 

It is no secret that global energy demand is growing at ever increasing rates, driven by 
population growth, energy-intensive lifestyles and the desire to raise the living standards of the 
one-quarter of the world’s population that currently has no access to electricity. World 
population is expected to reach 10 billion by 2100. At present, 80% of global energy demand is 
met by fossil fuels. Even by 2035 - less than 20 years from now - global energy demand is 
projected to rise by 40%, according to the International Energy Agency, with fossil fuels still 
contributing roughly 75% of that energy. Even setting aside concerns related to climate change 
and the pollution of the atmosphere, at this rate, oil reserves are expected to be minimal by the 
2060s, and remaining fossil fuel reserves are expected to be severely depleted by the end of this 
century. 

In contrast to this uncertain and somewhat gloomy outlook, consider the beneficial impact of 
the widespread commercial launch of fusion-generated electricity, beginning in the 2040s and 
expanding through mid-century. A convenient encapsulation of that impact lies in “making the 
C.A.S.E. for fusion energy”: energy that is Clean, Abundant, Safe and Economic. 

• Clean - Fusion is carbon-free and environmentally sustainable, with no high-activity or 
long-lived radioactive waste. 
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• Abundant - The main fusion fuel is deuterium, a form of hydrogen that is easily 
extracted from seawater. The second fuel is tritium, which is bred inside the fusion 
reactor from lithium. Unlike any other concentrated energy source, the fuel available 
for fusion is enough to supply industry and megacities for millions of years. 

• Safe - The process of creating fusion energy in a Tokamak requires precise parameters. 
When this fusion reaction is disrupted, the fusion chamber simply shuts down — without 
external assistance. And since tiny amounts of fiiel are used, there is no physical 
possibility of a nuclear accident. 

• Economic - Building and operating a fusion power plant will be comparable to the cost 
of building and operating power plants fuelled by coal, natural gas, oil, or nuclear 
fission. But unlike fossil fuel plants, fusion plants will not have the global 
environmental impact of releasing C02 and other pollutants into the atmosphere; and 
unlike nuclear fission plants, will not have the costs of high-activity, long-lived 
radioactive waste disposal. 

To put this in concrete perspective: using a 2000 megawatt-electric (MWe) plant as the 
standard, powering the entire United States would take about 250 fusion plants at current 
electricity consumption rates. This number could be higher based on population growth, 
increasing consumption rates, and expanded use of electricity for transportation and other 
sectors; or it could be lower based on energy conservation measures and an increased use of 
renewable sources. 

Three 2000 MWe fusion plants would, for example, be sufficient to supply electricity to 
Washington, DC. The capital cost of each such plant will be about $10 billion dollars - costs 
that are offset by extremely low operating costs, negligible fuel costs, and infrequent 
component replacement costs over the 60 year life, or even more, of the plant. Capital costs 
will further decrease with large-scale deployment of fusion plants. 

Using Washington, DC again for comparison, assuming a need for 6000 MWe of electricity: 

• If this electricity were to be supplied by three fusion plants, it would release no C02 
into the atmosphere. 

• If the electricity is supplied by natural gas plants, it will release about 22 million tonnes 
of C02 into the atmosphere every year. 

• If the electricity is supplied by coal plants, it will release about 42 million tonnes of 
C02 into the atmosphere every year - plus another 1.2 million tonnes of sulfur dioxide 
- plus another 1.2 million tonnes, at minimum, of solid waste pollution, mostly fly ash. 

Moreover, if fusion power becomes universal, the use of electricity could be expanded greatly, 
to reduce the greenhouse gas emissions from transportation, buildings, industry, and even food 
production and freshwater supply, providing nothing less than a clean energy miracle for our 
planet. 

Fusion energy is not a panacea. It will never be the sole source of energy. The drive to make 
fusion energy a commercial reality should not in any sense detract from efforts to enhance 
energy efficiency, expand the use of renewables, improve electricity storage capacity, or 
innovate in other energy fields. 

But fusion offers a unique array of benefits unlike any other energy source. The pursuit of 
fiision-powered electricity truly offers a “triple bottom line” of benefits: economic, social, and 
environmental. 
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Conclusion 

The ITER Project is moving forward. At the ITER Organization, we are committed to ensuring 
the delivery of the ITER machine and the full achievement of the associated scientific and 
technological benefits, as the launching pad for the commercial deployment of fusion- 
generated electricity. We are committed to achieving reliably the milestones we have set for 
ourselves, in a manner that lives up to the trust placed in us by all ITER Members. And we are 
committed to continuous improvement, to make ITER the model for international collaboration 
on complex science and technology challenges. 

The United States, as the most scientifically and technologically advanced country on earth, is 
a highly valued ITER partner. We are committed to making ITER a sound investment for the 
U.S., as for all our partners, and we look forward to a long and fruitful collaboration. 

Thank you for this opportunity. 
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On 5 March 2015, the ITER Council appointed Bernard Bigot, from France, 
Director-General of the ITER Organization. 

Bernard Bigot has been closely associated with ITER since I'rance’s bid to host the 
project in 2003. Followir^ the ITER site decision in 2005, the signature of the ITER 
Agreement in 2CK)6 and its ratification by all Members in 2007, Mr Bigot was 
delegated by tlie French government to act as High Representative for the 
implementation of ITER in France, a position that he has occupied since 2008. 

With the responsibility of coordinating the realization of ITER and ensuring the 
representation of France to the ITER Members and the ITER Organization, he has 
followed the project for some twenty years. 

In his long and dwtir^pished career, Bernard Bigot has held senior positions in 
research, higher education and government. Prior to his appointment at ITER he 
completed two terms (2009-2012 and 2012-2015) as C'hairman and CEO of the French iUtemativc Energies and 
Atomic Energ}-^ Commission, Cl.i.A. 'Iliis government-funded technological research organization — ^with ten 
research centres in France, a workforce of 16,000 and an annual budget of EUR 4.3 billion — is active in low- 
carbon energies, defense and security, information technologies and health technologies. 

From 2003 to 2009 Bernard Bigot settled as France's High commissioner for atomic energy, an independent 
scientific authority whose mission is to advise the French President and the French government on nuclear and 
renewable energy policy and in all the other scientific and technological domains where the CEA intervenes. 

On his long experience in the field of energy, he says: “/iv ahe^s been concerned mth ener^ hsms. Einer^ is the key to 
mankind's social and economic development. Tod^y. 80 percent of the ener^ consumed in the mrld comes from fossil fuels and a>e all 
know that this resource will not last forever. With fusion ener^ we have a potential resource for millions of years. Harnessing it is an 
opportiini^ we cannot miss.” 

Bernard Bigot was trained at the Ecole normale superieure de Saint-Cloud and holds an agngation (highest-level 
teaching diploma in France) in physical science and a PhD in chemistry. He is a high-ranking university 
professor {classe exceptionnelle) at the Ecole normale superieure de Lyon, which he helped to establish and wliich 
he directed from 2000 to 2003. Author of over 70 publications in theoretical chemistry, Bernard Bigot was also 
in charge of research at the F.cole normale superieure and Director of the Institut de recherche sur la catalyse, a 
CNRS laboratory' specializing in catalysis research. 

In parallel to these academic responsibilities, he worked at the ministerial level as Head of the Scientific and 
Technical ^Ession (1993-1996), Director-General of Research and Technology' (1996-1997), and Deputy 
Director for Research from 1998 to 2000. 


In 2002, Bernard Bigot was appointed Principal Private Secretary to the Research and New Technologies 
Minister and Assistant Private Secretary to the Minister for Youth, Education and Research. It was during his 
tenure in this office that France proposed a site in Cadarache (southern France) to host the ITER Project. 


Bernard Bigot is a Commandeur in the French Order of the Legion of Honour, a Commandeur in the Royal 
Swedish Order of the Polar Star, and an Officer Oert French Order of the National Merit. In October 2014 he 
received the Gold and Silver Star in the Japanese Order of the Rising Sun. 
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Chairman Weber. Thank you, Dr. Bigot. 

And at this time I recognize Dr. Prager for five minutes to 
present his testimony. 

TESTIMONY OF DR. STEWART PRAGER, DIRECTOR, 
PRINCETON PLASMA PHYSICS LABORATORY 

Dr. Prager. Well, thank you very much for your opening com- 
ments — I appreciate them greatly — and also for the opportunity to 
speak to you today. 

I direct the Princeton Plasma Physics Laboratory, PPPL, which 
is a national laboratory, a DOE national laboratory managed by 
Princeton University. I’ve been asked to describe PPPL, its activi- 
ties and opportunities; and ITER, its importance in relation to the 
U.S. research program. 

PPPL employs a staff of 500. It has the dual mission to develop 
fusion energy and to advance fundamental plasma science with its 
many applications. The core of a fusion reactor is a very hot plas- 
ma, a gas of electrically charged particles such as a flame or a star. 
Research at PPPL concentrates on ideas that are innovative, 
unique, and at the world forefront, key criteria for all U.S. fusion 
research. 

Fusion energy research in Asia and Europe is escalating. For the 
U.S. to contribute competitively in the face of larger investments 
elsewhere, we must focus on activities with breakthrough potential. 
Research at PPPL aims for innovation in four major areas: the de- 
velopment of a fusion concept that might lead to a fusion pilot 
plant as a next step for U.S. fusion, the challenge of how one sur- 
rounds a 100-million-degree plasma by a resilient material, the use 
of large-scale computing for new insights into fusion systems, and 
physics research that is key to the success of ITER. 

We’re currently at a propitious moment at PPPL. We have re- 
cently upgraded our major facility and just begun operation of this 
new experiment, the National Spherical Torus Experiment-Up- 
grade, NSTX-U. It is a DOE-user facility with 350 researchers 
from 60 institutions. The experiment cuts across all of the four top- 
ics just mentioned. It is a design that could lead to a reduced-size 
fusion pilot plant, a facility that would demonstrate net electricity 
production from fusion. NSTX will tell us whether this exciting 
step is possible. To do so it will push the frontier of our under- 
standing of fusion plasmas. 

We are also developing a novel solution to the challenge of the 
material that faces the hot plasma. Most of the world is inves- 
tigating solid metals. A complementary approach is to surround the 
plasma by a liquid metal. Liquids are not damaged by the hot plas- 
ma. This offers a breakthrough solution to a major challenge. Will 
it work? We aim to find out through research that combines plasma 
physics with material science. 

Fusion today is being transformed by supercomputing. We can 
now solve the equations that describe fusion plasmas as never be- 
fore. PPPL has developed complex computer codes that are gener- 
ating innovations in fusion systems. All these activities yield key 
understanding to help guide the future of ITER. 

Looking to the future, opportunities abound for new world-lead- 
ing major initiatives in the United States and the PPPL. PPPL is 
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an underutilized resource for the Nation. The physical infrastruc- 
ture includes capabilities that are unexploited, but more impor- 
tantly, the staff of PPPL and U.S. fusion labs in general has broad 
world-class expertise and ideas that are not being tapped fully. We 
can do much more. 

I will mention three exciting paths for PPPL and the United 
States. First, if experimental results prove favorable over the next 
decade, the United States could possibly move to preparations for 
a fusion pilot plant, a transformational step. 

Second, with the revolutionary advance in computing power, we 
are now optimizing the fusion system in ways that were nearly in- 
conceivable 20 years ago. With significant reactor advantages, 
PPPL aspires to experimentally test such modern designs. 

Third, if current research and liquid materials proves favorable, 
we could move to a definitive integrated test of that concept. 

And PPPL aims, as the national lab for fusion, to coordinate the 
U.S. research team on ITER following a model we are developing 
for a U.S. team that’s collaborating on a major facility in Germany. 

This brings me to the importance of ITER. ITER will be the first 
experiment to demonstrate and study a burning plasma, a fusion 
plasma that is self-sustaining, kept hot by the energy from fusion. 
A burning plasma is an essential gateway to commercial fusion. 
ITER is the path to this crucial goal. 

ITER will also test key technologies and generate 500 million 
watts of thermal fusion power. ITER will be a landmark experi- 
ment in science and energy of the 21st century. It will be the focus 
of the world fusion program, complemented by strong domestic re- 
search in each participating nature — nation. 

It is imperative that the United States maintain active participa- 
tion in ITER and a strong domestic research program. These two 
components are strongly intertwined. Without a strong domestic 
program, we will not be able to extract information from ITER, and 
a domestic program is needed to solve the remaining challenges 
that ITER is not designed to solve. 

The U.S. fusion program consists of broad research at univer- 
sities and national laboratories and three major tokamak facilities. 
The three major facilities are General Atomics, MIT, and Prince- 
ton, form a triad of complementary capabilities that have made 
seminal contributions. The Oak Ridge, Livermore, Los Alamos, and 
other national labs also make key contributions. 

The university research community in the United States provides 
foundational and innovative contributions. Research at universities 
spans the full range of fusion challenges carried out through ex- 
periments on campus and through participation at user facilities. 
There’s a very strong need to reinvigorate U.S. university research 
and in fusion energy, which has suffered losses in recent years. 

The opportunities for the United States to accelerate the pace to 
fusion energy are enormous. This would strongly benefit the United 
States as well as the world. 

Thank you very much for the opportunity to provide an opening 
statement. 

[The prepared statement of Dr. Prager follows:] 
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Written Testimony of Stewart Prager 
Director, Princeton Plasma Physics Laboratory 
Professor of Astrophysical Sciences 
Princeton University 

Delivered to the 

Committee on Science, Space and Technology Subcommittee on Energy 
For the hearing on April 20, 2016 

Thank you for the opportunity to appear before this subcommittee and to offer 
testimony on the Princeton Plasma Physics Laboratory, PPPL (its mission, current 
activities, and future opportunities) and the ITER project (its importance and 
relation to American fusion research). My name is Stewart Prager, and 1 have been 
director of PPPL since 2009. I am also a professor of astrophysical sciences at 
Princeton University. 1 have been involved in fusion energy research for my entire 
career, including 31 years at the University of Wisconsin and two years at General 
Atomics. 

The PPPL Mission 

The Princeton Plasma Physics Laboratory (PPPL) is a Department of Energy 
national laboratory managed by Princeton University. It has the dual mission to (1) 
develop the knowledge to realize fusion energy and (2) develop fundamental 
plasma science and its many applications in science and industry, The two missions 
are complementary in that plasma physics is the scientific field that underlies the 
quest for fusion energy (the core of a fusion energy system is a 100 million degree 
plasma). PPPL is the only national laboratory dedicated to plasma physics and 
fusion energy. Within these fields, its scientific activities and interests are very 
broad. In addition, as the national laboratory for fusion and plasma physics, PPPL 
has a unique responsibility to nurture the field in the US - contribute to the health of 
the national effort, particularly that of the university community. PPPL employs a 
staff of nearly 500, all employees of Princeton University, with an annual budget of 
about $100M. 

The applications of plasma science, beyond the huge application of fusion energy, 
are significant; at PPPL we study processes in astronomical plasmas, plasma space 
weather, plasma for synthesizing nanostructures, plasmas under extreme 
conditions of high density, and plasma centrifuges for nuclear waste remediation. 
Our work leads to interesting spin-offs, from electromagnetic wave pasteurization of 
eggs to miniaturized detectors for nuclear hazardous materials. 

For the remainder of my testimony 1 will focus on our research in magnetic fusion 
energy science, which constitutes the majority of PPPL’s research effort. In this 
approach, the hot plasma is contained by a strong magnetic field. 
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Current Research in Fusion Energy Science at PPPL 

Research at PPPL concentrates on projects and ideas that are innovative, unique, 
and at the world forefront. Such criteria are particularly key in the current budget- 
constrained environment of fusion energy research in the US. In the past decade, 
nations in Asia and the European Union have invested substantial research dollars 
in new fusion facilities to establish scientific capabilities not previously available. In 
S. Korea, China, Germany, and Japan, new facilities [with construction costs in the 
range of $18} have recently begun operation or are under construction. All of them 
operate with superconducting magnets, which allow sustainment of the plasma for 
long periods of time. For the US to contribute uniquely, to move fusion forward 
aggressively, and to be internationally competitive in the face of larger investments 
elsewhere, we must focus on activities with breakthrough potential. 

Research at PPPL aims for innovation in four major areas: the challenge of how one 
surrounds a 100 million degree plasma by a survivable material; plasma behavior in 
new confinement regimes that offer the possibility of reduced-size steps in the 
development of fusion; the use of large-scale computational capabilities for new 
insights in the complex fusion systems; and physics research that is key to the 
success of ITER [the international fusion project currently under construction). 
These research areas, and PPPL activities within them, are fully aligned with the 
mission and plans of the DOE Office of Fusion Energy Science. 

We are currently at a propitious moment at PPPL. We have recently begun research 
operations of an essentially new experimental facility - the National Spherical Torus 
Experiment - Upgrade [NSTX-U). This experiment cuts across all of the four topic 
areas above. It is the result of a four-year, $94M upgrade of its predecessor [NSTX), 
and was completed on schedule and on cost. We are grateful for the support of 
Congress and the Administration, and the investment in this upgrade, NSTX-U 
explores the plasma configuration known as a spherical tokamak [ST). The ST is a 
tokamak - a donut-shaped plasma confined by a magnetic field - but with a very 
small hole in the center of the donut. NSTX-U is a DOE user facility, with about 350 
research participants from nearly 60 institutions in the US and abroad. It is the 
most capable spherical tokamak in the world [working in partnership with a sister 
facility - MAST-U - in England). 

NSTX-U is an experiment in fundamental science, with application to fusion energy. 
Its mission is to understand how the plasma confinement behaves at high 
temperature, and how it varies with size and shape of the donut. It will explore 
novel approaches to the plasma-wall interface, and it will test theoretical 
predictions of plasma behavior in ITER and other future experiments. 

The ST concept investigated by NSTX-U can operate at high plasma pressure [which 
provides more fusion power) and at relatively weak magnetic field [which reduces 
cost) compared to conventional tokamaks. The practical impact is that this offers 
the possibility, for example, of designing a fusion pilot plant or fusion nuclear 
science facility of a size significantly reduced from that based on conventional 
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tokamaks. A fusion pilot plant would generate net electricity and perform an 
integrated test of a full fusion energy system, including testing materials 
components in the presence of copious fluxes of neutrons that are produced in the 
fusion reaction. A fusion nuclear science facility provides an integrated test, but 
does not aim for net electricity production. The pilot plant would employ high 
temperature superconducting magnets because they offer reduced magnet size (but 
require technological development). Either facility would be a huge step forward 
toward practical fusion energy. 

NSTX-U will establish the physics basis for these next steps. We do not currently 
know whether the plasma confinement properties of the ST are sufficient for a pilot 
plant of fusion nuclear science facility. The results of NSTX-U will determine 
whether or not the physics is in hand to move, with reasonable confidence, to those 
next steps. To do so, NSTX-U will produce plasmas in physics regimes substantially 
closer to that of a reactor than prior ST facilities. Thus, it will explore new physics 
that pushes the frontier of our understanding of plasma turbulence and stability. 

NSTX-U will study novel solutions to the major challenge of the interface between 
the hot plasma and its surrounding material. This is accomplished by two 
approaches. First, we will investigate the concept of whether the plasma can be 
surrounded by a liquid metal, rather than a solid. This is potentially a breakthrough 
solution to this problem (discussed below). Second, we will investigate advanced 
techniques to use a magnetic channel to spread out the huge flux of heat (reducing 
the intensity of heat bombardment on materials) and direct it to specially prepared 
surfaces. 

NSTX-U is also exploiting its special configuration to provide information in many 
areas for ITER, the future centerpiece of the world fusion program. To cite just two 
examples: (1) NSTX-U is able to produce plasmas that can study deeply the effect on 
plasma stability of the energetic particles that are produced in the fusion reaction 
and (2) NSTX-U has a program for a comprehensive study of plasma disruptions - 
sudden terminations of the hot fusion plasma - that are essentially unallowable in a 
fusion energy system. 

At PPPL, many efforts are underway to study the challenge of the plasma-material 
interface. Surrounding the plasma by solid tungsten is successful for current 
experiments which do not operate for long periods of time. However, it remains 
unknown whether such a solid will survive in a fusion energy system, and if it does 
survive, whether it will have a deleterious effect on the hot plasma that it surrounds. 
A complementary approach is to surround the plasma by a liquid, such as a liquid 
metal, rather than a solid. Liquids are not damaged by plasma, are not damaged by 
neutrons and, if moving, a liquid can carry out the heat from the plasma. Liquid 
lithium has a large additional advantage: the remarkable property that it is highly 
absorbing. Cold gas is not injected into the plasma, and confinement is improved. 
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Thus, liquid metal for fusion materials offers a breakthrough solution to a major 
challenge for fusion energy - a survivabie material, possibly with improved 
confinement. However, research into this solution is at an early stage. We do not 
yet know whether it will work. PPPL is carrying out a program, although budget- 
constrained, to determine the answer. It requires advances in both the fundamental 
material science of liquids and the plasma physics associated with the plasma- 
material interaction. It is a unique, innovative, science program of central 
importance to the future of fusion. 

Much of modern science is being transformed by new opportunities in computing. 
The fusion plasma system is a complex merger of phenomena and is ideally suited to 
advances through large-scale computation. Indeed, the fusion community has long 
been a leader in scientific computing. The fusion plasma system is characterized by 
phenomena that occur over a range of time scales from billionths of a second (the 
time it takes an electron to complete a circular orbit about the magnetic field] to 
hours (the time over which the large plasma evolves). Correspondingly the spatial 
scales vary from sub-millimeter (the radius of an electron orbit] to meters (the size 
of the plasma]. The phenomena that occur at these scales are both fascinating and 
complex - involving waves, turbulence, sudden changes in magnetic field, 
superthermal particle behavior, macroscopic stability and more. And these 
phenomena, at widely disparate space and time scales, all couple together to 
determine the behavior of the fusion plasma system. 

With the dramatic evolution of computing capability we can solve the equations that 
describe integrated aspects of fusion plasmas. Such computational solutions of 
plasma equations, merged with analytic theory and experiment, is providing new 
insights into plasma behavior and new predictive capability, PPPL has developed 
codes that treat the disparate phenomena and scales, and is leading a focused, 
national initiative to propose to exploit new supercomputer (exascale] capabilities. 
The PPPL program provides codes of use worldwide, applies these capabilities to 
the most scientifically challenging problems (such as turbulence and disruptions], 
compares code results to experiments around the world, and works jointly with the 
NSTX-U experimental team. 

Research key to ITER physics is an integral part of the program at PPPL. The 
computational initiative just described, as well as NSTX-U, is aimed for particular 
relevance to ITER, such as through a comprehensive study of disruptions and 
studies of instabilities from energetic particles generated in the fusion reaction. 
Finally, PPPL operates a program of off-site research in tokamaks in the US and 
abroad that is aimed to establish physics results for ITER. The largest such 
collaboration is with the DIIl-D tokamak in the US. PPPL also contributes actively to 
fabrication tasks for ITER - in particular delivery of electrical systems for plant 
operation and management of US contributions to ITER diagnostics. 
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Future Opportunities for PPPL Research 

Current PPPL research activities span the next decade. NSTX-U has a robust, exciting 
ten-year research plan. Assessing the scientific implications of a liquid metal 
plasma-surrounding materials is at its early stages. Computation using exascale is 
an emerging opportunity. And the next decade will remain important for 
contributions to ITER, which is expected to begin operation in about ten years. 

However, scientific opportunities abound for world-leading, major initiatives for 
PPPL and the US. To be ready to seize opportunities over the next decade, we are 
developing options now. In addition, PPPL is a greatly under-utilized resource for 
the nation, in two respects. First, the physical infrastructure includes capabilities 
that are unexploited, such as large experimental high bay areas and electrical power. 
Second, and even more importantl\, the PPPL staff has broad, world-class expertise 
and ideas that are not being fully tapped. At present, the laboratory can contribute 
much more to the national and international effort in fusion energy. 

Currently, we are scoping three possible future opportunities for PPPL and the US 
(in addition to active US participation in ITER research). The first would initiate in 
about ten years, after we learn more from NSTX-U; but the times of initiation of the 
other two opportunities are simply limited by resource constraints. 

The spherical tokamak path for fusion development: NSTX-U will establish the 
physics basis for the ST path to major next steps in fusion energy development. If 
the results are favorable, a compelling next step might be to begin design of a fusion 
pilot plant or a fusion nuclear science facility (FNSF). Such a leap forward would 
bring the world enormously closer to commercial fusion energy. A pilot plant or 
FNSF, both described above, would provide an integrated test of a fusion energy 
system, achieving major demonstrative milestones such as net electricity generation 
from fusion (if a pilot plant were to move forward). PPPL aspires to be the scientific 
leader of the design and research operations of the facility. Such an endeavor would 
be a major, national effort. 

Three-dimensional magnetic confinement (the stellarator path to fusion energy): With 
the advent of supercomputing capabilities, new designs for fusion systems have 
been developed which were inconceivable 20 years ago. We can now incorporate 
our full knowledge of the physics of fusion plasmas - as well as new theoretical 
insights - to produce designs that are highly optimized for an attractive system. The 
tokamak has a feature that it is symmetric the long way around the donut. However, 
once that design constraint is relaxed, a wide array of new designs becomes 
possible. Such designs are called stellarators, and are arguably the most physics- 
optimized designs for fusion. They can possess the favorable energy confinement of 
the tokamak, but also have the crucial features that they operate indefinitely, are 
free of disruptions (events that terminate the plasma and can sometimes damage 
the facility) and have a higher energy gain. In one view of fusion energy 
development, the tokamak will very successfully establish the science of burning 
plasmas (through ITER), but the stellarator should be developed in parallel as the 
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ultimate commercial reactor. Recently, a new, optimized stellarator began 
operation in Germany (the W7-X experiment, with a construction cost in the range 
of $1B), for which PPPL is the US’s primaiy interface. This experiment will establish 
key features of stellarator confinement. However, there are a variety of different 
stellarator designs. The W7-X design scales to a very large commercial reactor. 
Complementary stellarator designs have been developed that are substantially more 
compact, and have an interesting feature of having a near-symmetry similar to the 
tokamak, while retaining the additional favorable features of the stellarator. 
Operating such an experiment at PPPL, in the context of a national stellarator 
program, would place the US at the world forefront in the development of possibly 
the most optimized route to an energy-producing reactor. 

Liquid metals for the plasma-facing material: As discussed above, a crucial obstacle 
to overcome for fusion is to develop a material that will survive in a fusion reactor 
environment and, conversely, that the plasma will remain hot in the presence of the 
reflux of cold gas from the wall into the plasma. Over the next 5-10 years, PPPL 
has a vision for a comprehensive study of liquid metals - from the fundamental 
materials science to partial tests in tokamaks. If this near-term research produces 
favorable results, a possible next step would be to perform an integrated, decisive 
test of the concept in a fusion facility designed and optimized to accommodate the 
most advanced liquid metal scheme derived from prior research. Such a facility 
would study the full, integrated effects of liquid metals - on confinement, on the 
plasma-liquid interaction, on the fluid dynamics of a flowing system. Individual 
effects can be investigated in focused tests, setting the stage for the integrated study. 
If the concept proves successful, it would then be a key advance for inclusion in all 
future burning plasma facilities. 

US research on ITER: In parallel with one or more of the essential efforts above, 
PPPL research will continue to have a major focus on ITER and burning plasmas 
[described below). PPPL aspires to lead the US research team on ITER and is 
optimistic about applying a new model to this effort. Over the past few years, PPPL 
has established an effective new model for collaboration on facilities abroad, based 
on its work with the new W7-X stellarator in Germany, PPPL has assembled and 
coordinated a US research team, currently consisting of seven institutions, including 
other universities and national labs. This model has been effective for W7-X, and is 
also functioning as a testbed for a model that can be applied to ITER. 

The Importance of ITER 

ITER will be the first experiment to investigate the behavior and control of burning 
plasmas - a fusion plasma that is self-sustaining. In a burning plasma the heat from 
the fusion reactions themselves keep the plasma hot and fusing. A plasma that is 
burning can behave qualitatively differently than non-burning plasmas. When a 
plasma becomes self-heated, the complexity is enhanced and its study is at the 
forefront of plasma physics. 
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Investigating and understanding burning plasmas is an essential gatew?ay to 
commercial fusion. ITER is the current path to this crucial goal. The results from 
ITER will critically inform fusion development, whether we head toward a tokamak 
reactor or a reactor based on a complementary concept. In addition, ITER will test 
key technologies at the scale of a fusion reactor. It will generate 500 million watts of 
thermal fusion power for periods of about 400 seconds. When successful, ITER will 
be a landmark experiment in science and energy of the century. It will be the 
central focus of the world program in fusion research, complemented by strong 
domestic research programs in participating nations around the world. 

The Relation of ITER to US Fusion Research 

It is imperative that the US fusion research program maintains both active 
participation in ITER and simultaneously a very strong domestic research program. 
We need to participate in ITER so as to be fully engaged in the burning plasma 
science that is crucial to fusion energy development. We need a strong domestic 
program for two reasons. First, without a strong domestic program we will not have 
the capability either to extract information from ITER or to contribute strongly to it. 
The logic for US participation in ITER is predicated on a strong domestic program to 
allow us to benefit from our investment in ITER construction. Second, ITER does not 
solve all the challenges for commercial fusion energy. ITER attacks the crucial issue 
of burning plasmas, but is not aimed to solve the challenges of steady state 
operation, the plasma-material interface, fusion nuclear science or further magnetic 
configuration optimization. We can only arrive at fusion energy with a strong 
domestic program complementing ITER, and the vast contributions being made by 
many other nations. Thus, most ITER partners are enhancing their domestic 
programs as they contribute to ITER construction, as we should too. 

The US fusion program currently consists of three major tokamak facilities, and a 
broad experimental and theoretical research program located at universities and 
national laboratories. The three major tokamak facilities form a triad of 
complementary capabilities that contribute critically to the world fusion program - 
the CMOD facility at MIT (planned to complete its operations in FY16), the DIll-D 
facility at General Atomics, and NSTX-U at PPPL. The facilities contribute directly to 
critical issues for ITER and to many of the remaining fusion plasma science 
challenges for fusion energy. The US university community provides foundational 
contributions to fusion energy research. University research essentially spans the 
full range of fusion challenges. Universities provide innovative solutions to these 
challenges, span a broad range of expertise, and couple to the broader scientific 
community available on campuses. Contributions are made through experiments 
conducted on-site, through university collaborations on user facilities in the US and 
abroad, and through theoretical and computational research. Currently, there is a 
strong need to reinvigorate US university research in fusion energy. 
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Stewart Prager 

Stewart Prager is director of the Princeton Plasma Physics Laboratory, a 
Department of Energy national laboratory, and professor of astrophysical sciences 
at Princeton University. He received his Ph.D. degree in plasma physics from 
Columbia University in 1975. Following two years performing fusion energy 
research at General Atomics in San Diego he joined the University of Wisconsin - 
Madison as an assistant professor of physics. Prager remained at the University of 
Wisconsin, as Dexter Professor of Physics, until 2009 when he assumed his position 
at Princeton. 

Prager’s research has focused on basic plasma physics, particularly applications to 
fusion energy and, more recently, applications to astrophysics. While at Wisconsin, 
Prager was director of the Madison Symmetric Torus (MST) experimental facility. 
He also served as founding director of the Center for Magnetic Self-Organization in 
Laboratory and Astrophysical Plasmas, established through the National Science 
Foundation program of "physics frontier centers.” He has served as Chair of the 
Fusion Energy Sciences Advisory Committee for DOE, Chair of the Division of Plasma 
Physics of the American Physical Society, President of the University Fusion 
Association, and a member of the fusion review panel of the President's Council of 
Advisors in Science and Technology. Prager is a co-recipient of the American 
Physical Society Dawson Award for Excellence in Plasma Physics and is a fellow of 
the American Physical Society. 
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Chairman Weber. Thank you, Dr. Prager. 

I now recognize Dr. Hsu for five minutes. 

TESTIMONY OF DR. SCOTT HSU, SCIENTIST, 

PHYSICS DIVISION, 

LOS ALAMOS NATIONAL LABORATORY 

Dr. Hsu. Chairman Weher, Ranking Member Grayson, Members 
of the Committee, thank you for your opening remarks, and also 
thank you very much for the opportunity to testify. I thank the 
Committee for its longstanding support of fusion energy and plas- 
ma physics research in this country. 

I have been asked to describe the status of DOE support for inno- 
vative fusion energy concept development and to provide rec- 
ommendations. I am pleased that the committee is considering 
these topics. 

I also ask that my written testimony be entered into the record. 

Chairman Weber. Without objection. 

Dr. Hsu. My name is Scott Hsu. I was trained in plasma physics 
at the Princeton Plasma Physics Laboratory, and I am now a fusion 
research scientist at Los Alamos National Laboratory. As you 
know, Los Alamos had its storied beginnings in the Manhattan 
Project during World War 11. Today, Los Alamos is focused on na- 
tional security science, which includes our nation’s energy security. 
In controlled fusion research, Los Alamos historically focused on 
many non-tokamak approaches, and thus, it is perhaps fitting that 
I appear before you today to discuss innovative fusion energy con- 
cept development. 

The first point is that there are many credible approaches to fu- 
sion energy other than our two leading approaches, which are the 
tokamak such as ITER and inertial confinement fusion such as the 
National Ignition Facility. You may refer to figure 1 on my written 
testimony. 

Many in the fusion community refer to the other approaches col- 
lectively as alternative or innovative concepts. These are specifi- 
cally what I am discussing here today. 

The main reason many of us are motivated to pursue innovative 
approaches is that they hold the potential for a smaller fusion reac- 
tor with less engineering complexity. Some of them could poten- 
tially cost much less to develop in a shorter time, perhaps in time 
to penetrate midcentury electricity generation markets. But these 
concepts are less mature, and more research is needed to tell us 
whether their performance can be improved to the point of enabling 
a power reactor. 

The second point is that lowering the cost of fusion energy devel- 
opment is itself a worthwhile goal. The reason is that the stages 
of development of our mainline fusion programs are very costly, too 
costly for private investors and companies to play a significant role. 

One potential way to lower the cost of fusion energy development 
is to strategically pursue a number of the most promising innova- 
tive fusion concepts that are inherently much lower cost than the 
tokamak. If federal support reduces early-stage risk for promising 
lower-cost innovative fusion energy concepts, then more companies 
such as Tri Alpha Energy or General Fusion may step into pursue 
fusion energy development. 
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The third point is that present DOE support of innovative fusion 
concept development is unhealthy with no new federal funding op- 
portunities. As recently as 2010, DOE provided approximately $42 
million per year to support innovative concept development. Today, 
the only such support is in the recently initiated ARPA-E ALPHA 
program, which is $30 million over three years, and is focused on 
a particular class of fusion approaches called magneto-inertial fu- 
sion due to its inherently low cost. This was also referred to as 
magnetized target fusion. You may refer to figure 2 of my written 
testimony. 

So let me close with three primary recommendations. First, Con- 
gress and DOE should reassess innovative fusion energy concept 
development, which should be pursued in addition to our present 
fusion energy program elements, which Dr. Prager described very 
eloquently. DOE should consider implementing a new energy-ori- 
ented innovative concepts program with appropriate metrics to en- 
courage lower cost and timely development of economically com- 
petitive fusion power. Progress is possible for a modest fraction of 
the overall fusion budget. 

Secondly, any new program should enable and promote advances 
with regard to both the plasma physics challenges and the criteria 
for a practical fusion power reactor. 

Finally, a federal funding bridge should exist for the entire inno- 
vative concepts development path from early-stage research to a 
logical handoff to private development. And this is depicted in fig- 
ure 3 of my written testimony. 

Thank you again for the opportunity to testify. I’m happy to take 
questions. 

[The prepared statement of Dr. Hsu follows:] 
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Prepared Statement of 
Scott C. Hsu 

Scientist, Physics Division-Plasma Physics Group 
Los Alamos National Laboratory 

Testimony before the Energy Subcommittee of the 
House Committee on Science, Space, and Technology 
United States House of Representatives 

Hearing on Fusion Energy Science in the United States 
April 20, 2016 

Chairman Weber, Ranking Member Gra 3 rson, and Members of the Committee, thank 
you for the opportunity to testify on fusion energy science in the United States. I thank 
the Committee for its longstanding support of fusion energy and plasma physics research in 
this country. In this hearing, I have been asked to describe the status of DOE support for 
the development of innovative fusion energy concepts, and to provide recommendations on 
potential ways to improve the DOB’s ability to foster such concepts.* I am pleased that the 
Committee is considering these topics. The primary points of my testimony are as follows: 

• Fusion energy has the potential to provide safe, clean, abundant baseload power for 
the world and deserves stable, strong support. 

• There is a wide range of scientifically credible innovative fusion energy concepts (to be 
defined more precisely below) that warrant further study and exploration. 

• Such concepts have a potential to significantly lower the cost and shorten the timeline 
of fusion energy development, even though many of the concepts are presently at a low 
technological readiness level. 

• Lowering the cost of fusion energy development could have several benefits, the most 
important of which is enabling a healthy public-private partnership for development, 
as is done in many other technological fields. 

• There are presently no opportunities for new federal support of innovative fusion energy 
concept development toward a fusion power reactor. 

• Recent DOE support of innovative fusion energy concept development appears to have 
been terminated without formal scientific review. 

• Congress and DOE should re-assess innovative fusion energy concept development, and 
strongly consider implementing a new innovative fusion energy concept development 
program with appropriate program and project metrics to support timely development 
toward economically competitive fusion power, 

• If such a program is implemented, meaningful progress can be made for a modest 
fraction of the overall fusion energy budget. 


‘This testimony represents ray views and not necessarily that of Los Alamos National Laboratory. 
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Introduction 

Fusion energy holds the tremendous promise of providing safe, clean, and abundant en- 
ergy for the world with no long-lived radioactive waste and minimal nuclear proliferation 
dangers. Over sixty- plus years of worldwide controlled fusion research, the United States 
has supported the development of dozens of widely varying fusion approaches (Fig. 1), of 
which the magnetically confined tokamak, e.g., ITER, and laser-driven inertial confinement 
fusion (ICF), e.g., the National Ignition Facility (NIF), have become the two most scientifi- 
cally mature approaches. The many other approaches have collectively come to be known as 
“innovative concepts” (where the U.S. has been a clear world leader) within the fusion energy 
research community, even though innovation itself abounds and is needed throughout fusion 
research. Indeed, the accumulated scientific and engineering knowledge developed by our fu- 
sion research programs make it possible tor us to undertake the array of fusion research being 
conducted today and into the future. These include our domestic fusion research programs, 
our partnership in ITER, the pursuit of ignition on NIF, the recently launched ARPA-E (Ad- 
vanced Research Projects Agency Energy) ALPHA (Accelerating Low-cost Plasma Heating 
and Assembly) program,^ and privately funded venture (^-g-i Tri-Alpha Energy, Helion, 
and the Canadian company General Fusion). It is notable that these efforts represent many 
fundamentally different fusion approaches. The history of support for fusion research by 
Congress, DOE (and its predecassors), and other federal agencies (e.g., NASA, Navy, etc,) 
are what enable all these and perhaps new possibilities. 

With ITER and NIF, we are entering a new era of generating laboratory burning plasmas, 
in which the energetic helium ions produced by deuterium-tritium fusion reactions begin to 
self-heat the fusion fuel,^ and where significant fusion energy gains over the input energy are 
expected to be achieved (as on ITER). The study of burning plasma physics approaching 
or reaching ignition is the next scientific frontier of the mainline fusion programs, and is 
therefore the primary present focus of both the DOE Office of Fusion Energy Sciences (FES) , 
supporting fusion energy development via magnetic confinement fusion, and National Nuclear 
Security Administration (NNSA), supporting Stockpile Stewardship via ICF. However, the 
pursuit of ITER and NIF alone does not assure the realization of economically competitive 
fusion power before the latter half of this century. This requires many other serious pursuits 
at increased support, including tritium breeding,"* development of plasma facing systems 
that can survive the heat and neutron flux, and also the development of fusion plasma 
configurations requiring less engineering complexity and lower capital cost Development 
of innovative fusion energy concepts together with the generation and study of burning 
plasmas by the most expedient way possible constitute our surest bet to enable economically 
competitive fusion power production within a. reasonable time. 

For the purpose of this testimony, let us define “innovative fusion energy concept" as any 

^http : //arpa-e . energy .gov/?q=arpa-e”programs/alpha. 

^As was recently demonstrated on NIF; 0. A. Hurricane et al., “Fuel gain exceeding unity in an inertially 
confined fusion implo.sion,” Nature 506, 343 (2014). 

■* Deuterium, which is abundant in seawater, and tritium, which is not available in sufficient quantities 
and is bred from lithium, are the fuel of a likely first-generation fusion power reactor. However, some 
concepts aim to use “advanced fuels,” such as hydrogen and boron, that do not require tritium breeding 
nor neutron-compatible plasma-facing systems, but at the expense of requiring higher plasma temperatures 
than a deuterium-tritiunr reactor. 
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concept that has a pathway toward economically competitive power production and could po- 
tentially result in a demonstration fusion reactor (e.g., continuous thermal power output) for 
total development costs of less than a few billion dollars and in less than twenty years. This 
would allow fusion to penetrate the midcentury power-generation market. Fusion energy 
concepts likely costing more than a few billion dollars but still significantly less than ITER, 
e.g., spherical tokamak (ST),® compact stellarator,® reversed-field pinch (RFP),'^ tokamak 
using high-temperature superconducting magnets,® or many inertial-fusion-energy (IFE) con- 
cepts,® could also potentially accelerate the timeline and lower the costs to a demonstration 
reactor. However, the primary focus of this testimony is on early stage innovative fusion 
energy concept development.^® 

®F. Najmabadi et al., “Spherical torus concept as power plants-the ARIES-ST study,"’ Fus. Eng. Des. 65, 
143 (2003). 

®F. Najmabadi et at, “The ARIES-CS Compact Stellarator Fusion Power Plant,” Fus. Sci. Tech. 54, 655 
(2008). 

^F. Najmabadi et al., “Introduction and synopsis of the TITAN roversod-fit'ld-pinch fusion-reactor study,” 
Fus. Eng. Des. 23, 69 (1993). 

®For example, B. N. Sorbom et al., “ARC: A compact, high-field, fusion nuclear science facility and 
demonstration power plant with demountable magnets,” Fus. Eng. Des. 100, 378 (2015) 

®An Assessment of the Prospects for Inertial Fusion Energy, Committee on the Prospects for Inertial 
Confinement Fusion Energy Systems, NRC (National Academies Press, Washington, D.C., 2013). 

^®A practical definition of “early stage” could be before a concept has demonstrated sufficient plasma 
stability and/or confinement to demonstrate a plasma temperature of ten million degrees, or 1 keV, in a 
manner that is scalable to fusion breakeven. 



Higher density 


Figure 1: Simple, non-exhaustive categorization of some fusion approaches. The approaches 
other than tokamak and indirect-drive IGF are collectively referred to as “innovative” or 
“alternative” fusion concepts by many in the fusion resetirch community. 
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Fusion energy research in FES is presently organized into four areas.^^ Three of the areas 
support burning plasma science: foundations (predictive understanding of burning plasmas), 
long pulse (research on present worldwide long-pulse devices and materials), and high power 
(ITER). The fourth is discovery plasma science, of which FES is the primary steward in this 
country. Discovery plasma science underlies all of fusion energy development and impacts 
many other applications and scientific disciplines as well. The present FES portfolio warrants 
continuing strong support, but early stage innovative fusion energy concept development is 
not presently supported within the FES portfolio. 

Arguments for Early Stage Innovative Fusion Energy Concept Development 

Most early stage innovative fusion energy concepts, even though they are much less 
mature than a tokamak or laser-driven IGF, would be better suited for an economical fusion 
power reactor if their performance can be improved. The reason is that most innovative 
concepts are smaller and have less engineering complexity through the use of more efficient 
plasma confinement, assembly, or compression technologies. This results in smaller required 
facility energy and external magnets than tokamaks and less power than ICF to exceed 
breakeven. As a result, breakeven-class facilities for these innovative fusion energy concepts 
are significantly lower cost (potentially 100 times less expensive than ITER,*^), easier and 
faster to build, and lend themselves to faster research progress if there is the support to 
pursue them. Research opportunities and needs across a range (but not all) of innovative 
fusion energy concepts were documented in recent reports by expert panels.^'’ 

Scientifically credible innovative fusion energy concepts span a diverse range in ion 
density (10^‘*-10^® ions/cm^), magnetic field strength (0 to > 1000 Tesla), geometry (lin- 
ear/cylindrical, spherical, toroidal, cusp, etc.), pulse duration (sub-nanosecond to steady 
state), confinement method (electrostatic, magnetic, inertial, or combinations thereof), and 
technologies for fuel assembly, heating, and/or sustainment (e.g., electromagnetic waves, 
neutral beams, lasers, ion beams, various pulsed-power techniques such as plasma jets, etc.). 
Much of this “phase space” of fusion possibilities has not been explored to anywhere near the 
depths afforded to the mainline approaches of the tokamak and laser-driven ICF. Many inno- 
vative concepts have enjoyed continued recent advances despite having no DOE support, e.g., 
field-reversed configurations (FRC) at Tri-Alpha Energy, mirror-based gas dynamic traps in 
Russia, magnetized target fusion (MTF) at General Fusion, and polywell at Energy Matter 
Conversion Corporation (EMC2), showing that there are opportunities in innovative fusion 
energy concept development. 

Another significant potential benefit of innovative fusion energy concept development is 
the opportunity it provides to enable a healthy public-private partnership by significantly 

^’Office of Fusion Energy Sciences, A Ten-Year Perspective (201.5- 202, o), Dec. 2015; http .-//science, 
energy. gov/-/inedia/fes/pdf/prograB-documeiits/FES_A_T8n- Year _Perspective_2016-2025.pdf. 

R. Lindemuth and R, E. Siemon, “The fundamental parameter space of controlled thermonuclear 
fusion,” Amer. J. Phys. 77, 407 (2009). 

’^Reports of the 2009 Research Needs Workshops (ReNeW) on Magnetic Fusion Energy Sciences and 
High Energy Density Laboratory Physics, U. S. Dept, of Energy (2010), http: //science, energy.gov/fes/ 
coimnunity-resources/workshop-reports; Report of the FESAC Toroidal Alternates Panel, U. S. Dept, 
of Energy (2008), http://science.energy.gOv/-/media/fes/fesac/pdf/2008/Toroidal_alternates_ 
panel_report .pdf. 
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lowering the cost of fusion energy development.^'* Presently, the cost-times-risk product at 
each step of our present fusion energy development path far exceeds what the private sector 
can accept. Instead, if costs are hundreds of millions of dollars or less (compared to billions 
or more for the mainline fusion approaches) for achieving each major technical milestone 
on the path to reactor-relevant energy gain, the private sector has already shown that it 
is willing to undertake this, e.g., in their funding of Tri- Alpha Energy and General Fusion. 
However, it is presently difficult to garner private support for a larger range of innovative 
fusion energj' concepts due to the tremendous early stage risks (including those faced by Tri- 
Alpha Energy and Genera! Fusion). If early stage risk could be systematically minimized by 
federally supported research across a portfolio of innovative fusion energy concepts, to the 
point where the combination of cost, risk, and potential reward become attractive to private 
investors, it is plausible to envision many more private fusion ventures. Private investments 
could then considerably outpace federal dollars in scaling up concepts that have already 
passed the riskiest early stage milestones.*®’*® Lower-cost fusion concepts could also enable 
more non-energy spinoff applications of fusion.*^ 

The long time scales associated with our present fusion energy development strategy 
presents a dilemma to many of our best and brightest science and engineering students. 
While many of them wish to devote their careers to solving our profound energy challenges, 
they also want to feel that societal impact is within reach during their lifetimes. Stable, 
robust support for innovative fusion energy concept development provides such a possibility. 
Although the challenges are significant, innovative fusion energy concept development could 
help maintain a strong fusion energy workforce, while also increasing the chances for fusion 
energy to impact the midcentury power-generation market. 

If any of the numerous scientifically credible innovative fusion energy concepts are success- 
ful, fusion energy could possibly be developed for a few billion dollars'® in less than twenty 
years. Even while we Justifiably pursue the most mature paths to burning plasmas and/or 
ignition (i.e., ITER and NIF), we also have a responsibility to the taxpayer to overturn the 
idea that fusion energy development must cost tens of billions of dolhirs, and is always thirty 
years away. Innovative fusion energy concept development provides this possibility. 

Status of DOE Support for Innovative Fusion Energy Concept Development 

The DOE, its predecessors, and at times other federal agencies have long supported the 
development of innovative fusion energy concepts. The past support underpins all present- 
day innovative fusion energy concept development. Recently, innovative fusion energy con- 

^‘^S. Woodruff et at, “Path to Market for Compact Modular Fusion Power Cores,” J. Fusion Energy 31, 
305 (2012). 

*^An example of such a public-private partnership is the S800M NASA investment under COTS (Com- 
mercial Orbital Transportation Services) that resulted in two new U.S. medium-class launch vehicles and 
two automated cargo spacecraft developed by the companies SpaceX and Orbital Sciences Corporation. 

*®For fusion, similar to the nuclear fission industry, assistance from the federal government in licensing, 
regulation, and loan guarantees are still needed for constructing a capital-intensive fusion power plant. 

*^An example is SHINE Medical Technologies, which will produce radioactive isotopes for medical appli- 
cations; http://shineffied.com- 

^®For example, D. A. Sutherland et al., “The dynomak: An advanced spheromak reactor concept with 
imposed-dynamo current drive and next-generation nuclear power technologies," Fus. Eng. Des. 89, 412 
(2014). 
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cepts (including both early stage, such as spheromak and FRC, and more mature concepts, 
such as sph(?ricai tokamak and reversed-field pinch) were referred to collectively as “alter- 
native fusion concepts,” which also included magneto-inertial fusion (MIF, aka MTF) and 
IFE. An alternative fusion concept program was explicitly included in the Strategic Plan for 
the Restructured U.S. Fusion Energy Sciences Program in 1996,^^ to which the present-day 
FES traces its roots. Recommendations for the alternative concepts program were provided 
in a detailed 1996 report to FESAC chaired by F. Najmabadi,^^ 

However, DOE support for the development of early stage innovative fusion energy con- 
cepts has eroded over the past decade, coincident with longstanding and increasing budget 
pressures on fusion energy research in this country. Until as recently as FY2010, FES sup- 
ported early stage innovative fusion energy concept development (both magnetic and inertial) 
at approximately $42M per year.^^ In FY2011, support for the development of magnetic al- 
ternate concepts as fusion energy concepts in their own right was terminated with much 
of the budget transitioned to supporting computational model validation and/or burning 
plasma science.^^ In FY2012, support for innovative MIF and IFE approaches within the 
Joint FES/NNSA Program in High Energy Density Laboratory Plasmas (HEDLP) was ter- 
minated and transitioned to supporting discovery HEDLP science. In FY2016, spheromak 
and FRC reseaxch was moved to the NSF/DOE Partnership in Basic Plasma Science and 
Engineering, where “proposals directly related to fusion energy studies are not eligible.”^^ Re- 
maining small or intermediate-scale experiments based on ST (PPPL, Wisconsin-Madison), 
stellarator (Wisconsin-Madison, Auburn), and RFP (Wisconsin-Madison) continue to be 
supported by FES, but largely with the objectives of supporting model validation, burning 
plasma science, or discovery plasma science, and not for innovative fusion energy concept 
development. Many others including the spheromak (Lawrence Livermore National Lab- 
oratory), FRC (Univ. of Washington), dipole (Columbia/MIT), centrifugal mirror (Univ. 

^^http: //science. energy. gov/ ''/media/fes/fesac/pdf/1990-99/1996_aug. pdf, pp, 5-6. 

^^http : // science . energy . govZ-'/media/f es/f esac/pdf /1990-99/1996_ jul . pdf. 

About $18M/year in their “Experimental Plasma Ilesearch” budget line .supporting mostly toroidal 
magnetic alternates, and about $24M/year in their “High Energy Density Laboratory Plasmas” budget 
line supporting innovative approaches to inertial fusion, including laser-driven (e.g., shock or fast ignition), 
pulsed-power driven (e.g., magneto-inertial fusion), or ion-beam driven. 

^^Propo.sal solicitation DE-FG01-04ER04-18 on “Research in Innovative Approaches to Rision Energy 
Sconces” for FY2005 funding states that the “OFES Innovative Confinement Concepts (ICC) Program has 
the long-term performance measure of demonstrating enhanced fundamental understanding of magnetic con- 
finement and improved basis for future burning plasma experiments through research on magnetic confine- 
ment configuration optimization. The program is focused on resolving key scientific issues and determining 
the confinement characteristics of a range of attractive confinement configurations.” In contrast, proposal 
solicitation DE-FOA-0000286 for FYll funding states that “the ICC program explores improved pathways 
to practical fusion power by addressing critical problems that hinder the tokamak concept, such as plasma 
disruption, heat load on internal components, and operational and maintenance complexity.” 

^^Proposal solicitation DE-PS02-08ER08-16 in HEDLP for FY2009 funding states that a key objective is 
to “advance HED science that enables fusion energy” Including “novel approaches to inertial fusion energy 
sciences” such as “fast ignition, shock ignition, magneto-inertial fusion and heavy ion fusion.” In contrast, 
proposal solicitation DE-FOA-0000755 in HEDLP for FY13 funding focused on HEDLP as the “study of 
ionized matter at extremely high density and temperature” with no mention or invitation of energy-relevant 
studies. Many innovative energy-relevant HEDLP projects awarded under the earlier solicitation were termi- 
nated in FY2012 with no opportunity for continued funding in innomtive fusion energy concept development. 

^"^NSF/DOE Partnership in Basic Plasma Science and Engineering, Program Solicitation NSF 15-601, p. 4; 
www.nsf.gOv/pubs/2015/nsfl5601/nsf 15601.pdf . 
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Figure 2: Illustration of cost of an ignition-class facility versus ion density. The minimum 
(several hundred million dollars or less) occurs for magneto-inertial-fusion (MIF) , aka mag- 
netized target fusion (MTF), concepts with ion density (10^®-10^* ions/cm®) in the range 
between those of ITER and NIF, See footnote 12. Figure adapted from P. J. Turchi, IEEE 
Trans. Plasma Sci. 36, 52 (2008), 


of Maryland), and inertial electrostatic confinement (Los Alamos National Laboratory and 
others) no longer receive DOE support. These program decisions appear' to have been made 
without formal scientific reviews. 

Today, the only early stage innovative fusion energy concept development supported by 
the DOE is within the previously mentioned ARPA-E ALPHA program ($30M total over 
three years, initiated in 2015), the goal of which is to create new, lower-cost development 
paths toward economical fusion power. ALPHA focuses on pulsed, intermediate-density 
(10^®-10^'’ ions/cm®) MIF/MTF approaches because the intermediate-density parameter 
space represents a low-cost minimum for a thermonuclear-fusion, ignition-class facility (sev- 
eral hundred million dollars or less), as depicted in Fig. 2, due to an optimum combination 
of required stored energy and heating power to achieve ignition. The ALPHA program is 
structured fundamentally differently than other DOE fusion research programs.^* It is an 
aggressive, milestone-driven program specifically focused on systematically removing early 
stage scientific and technical risks, with appropriate program and project metrics. Consis- 
tent with ARPA-E’s charter and mission, the support is for a defined period (in this case, 
three years) with the objective of transitioning its most successful projects as soon as possi- 
ble to support and development by private investments and/or other federal agencies. This 
type of federally supported program, but sustained for a duration needed until the best con- 
cept(s) are well-suited for private development, would benefit a broader range of early stage 
innovative fusion energy concepts, most of which have no avenue for new federal support, 

Private investments have overtaken DOE support for the development of early stage 
innovative fusion energy concepts, but not because those concepts are ready for commercial- 
ization. Entry of private investors into early stage, highly risky fusion energy development 
may be the result of a confluence of three factors: (1) growing sense of urgency of the need 
for large amounts of clean, baseload power by midcentury, (2) growing impatience by many 
people, both within and outside the fusion research community, at the rate of progress in 

ARPA-E ALPHA Funding Opportunity Announcement DE-I>'OA-0001184 (2015). 
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fusion energy development, and (3) the opportunity to re-examine previously explored con- 
cepts (often with a substantia! new twist) with the benefit of a very advanced understanding 
of fusion science and engineering, as well as truly impressive computational and measure- 
ment capabilities. Over the past decade or so, there has been at least $300M of private 
investments in innovative fusion energy concept development, with Tri- Alpha Energy and 
General Fusion receiving the large majority of that investment, even though, as mentioned 
earlier, these are relatively isolated cases of private investments in fusion with risk-reward 
ratios much larger than most private investors are willing to accept. With private funding, 
Tri- Alpha Energy and General Fusion have reported major advances in FRCs^® and sphero- 
maks,^^ respectively, building on the extensive knowledge and capabilities developed under 
previous DOB support. However, there is stUl a challenging, uncertain road ahead for both. 

The NNSA does not support IFE research but does support three approaches aimed 
at obtaining high yield or ignition: (i) indirect- and (ii) direct-drive laser-driven IGF, and 
(iii) magnetically driven implosions (including an MIF concept call MagLIF^®), to support 
Stockpile Stewardship. High yield and ignition are important scientific milestones for IGF 
and fusion generally, regardless of whether IGF is being studied for the energy application. 
IFE development, which would leverage NNSA fusion facilities and staff, can accelerate po- 
tential IGF pathways (including MagLIF') toward fusion energy. Opportunities include the 
study of more efficient, reactor-relevant drivers and a broader range of target designs (e.g., 
fast or shock ignition and magnetized IGF). However, duo to development costs, many IGF 
approaches may not fit within the earlier definition of “innovative fusion energy concept.” 

Recommendations 

1. Provide an avenue for merit-based federal support for scientifically credible, innovative 
fusion energy concept development. This does not presently exist outside the limited- 
term ARPA-E ALPHA program. Any new program to support innovative fusion energy 
concept development should pay attention to both the plasma physics challenges as 
well as criteria for a practical fusion power reactor.^® 

2. Such support should be milestone-driven with metrics-based criteria for project ad- 
vancement and termination, such as in the ARPA-E ALPHA program or in the origi- 
nally intended vision of the alternative concepts program of FES.^° 

3. To be effective, the size of an innovative concept development program should be well- 
matched to the achievement of milestones in a timely manner. Funding requirements 

W. Binderbauer et al., ‘‘A high performance field-reversed configuration,” Phys. Plasmas 22, 056110 

(2015), 

^'^Talk by M. Laberge, Exploratory Plasma Research Workshop, Feb. 23- 26, 2016, Auburn, AL; 
http : // WWW . iccworkshops , org/epr2016/uploads/419/ epr_2016_upload- 1 , pdf . 

Along with the earlier-mentioned result on unity fuel gain on NIF, MagLIF has also provided a significant 
recent advance in the science of MIF : M. R. Gomez et ai., “Experimental Demonstration of Fusion- Relevant 
Conditions in Magnetized Liner Inertial Fusion,” Phys. Rev. Lett. 113, 155003 (2014). 

Kasiow et al., “Criteria for practical fusion power systems: Report from the EPRI fusion panel.” J. 
Fusion Energy 13, 181 (1994). 

assessing stages of innovative fusion energy concept development in the past, F’ES used the nomen- 
clature of “concept exploration” (CE), “proof of principle” (POP), and “performance extension” (PE), 
as outlined in the Report of the Integrated Program Planning Activity for DOE’S FES Program, 2000; 
http://fire.pppl.gov/IPPAfinalrev.pdf. See also footnote 14. 
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for a particular concept depend on the inherent cost of the concept and the concept’s 
stage of development, and could range from $5M to SlOOM or more over three years 
(notional figures) for each concept to pursue its next logical milestone. 

4. Ensure that a federal funding bridge from DOE Office of Science all the way to handofl' 
to venture capital exists for early stage innovative fusion energy concept development 
(see Fig. 3). However, the incompatibility between an energy-development program 
and the Office of Science must be considered, even for early stage development. 

.5. If progress warrants, issue a follow-on phase 2 to ARPA-E’s ALPHA program to sup- 
port its most successful projects, which would improve the chances of transitioning at 
least one of its projects to development by private investment or other federal agencies. 

6. Ensure that fusion energy, especially innovative fusion energy concept development, is 
included within the scope of and benefits from Mission Innovation,®* as implemented. 

7. Support the development (and use) of tools (e.g., computational codes, diagnostic ca- 
pabilities, domestic and international facilities) and engineering solutions (e.g., plasma 
facing and tritium-breeding systems) needed by many fusion energy concepts, e.g., an 
expanded version of the FES Small Business Innovation Research (SBIR) and Small 
Business Technology Transfer (STTR) programs.®® 

8. Enable nearer- term public-private partnerships (e.g., code development and sharing, 
personnel exchanges, use of DOE nuclear facilities) with private fusion companies.®® 


®* http: //mission- innovation. net. 

^'^http : //science , energy . gov/sbir. 

®®As outlined in General Ifision CEO Nathan Gilliland’s testimony to this Committee on May 13, 2015. 



Figure 3: Possible roles of various entities in a lower-cost fusion energy development path. 
Lowering the cost of fusion energy development is necessary to enable this type of funding 
model. Figure is from Woodruff et al., 2012 (see footnote 14), adapted from the testimony 
of A. Majiimdar to the House Committee on Science and Technology on Jan. 27, 2010. 


9 




49 


Addendum to Prepared Statement of 
Scott C. Hsu 

Scientist, Physics Division-Plasma Physics Group 
Los Alamos National Laboratory 

Testimony before the Energy Subcommittee of the 
House Committee on Science, Space, and Technology 
United States House of Representati\'es 

Hearing on Fusion Energy Science in the United States 
April 20, 2016 

This addendum clarifies the intended meaning of two statements made in my written 
testimony. The two original statements are: 

1. (page 1, 6th bullet): “Recent DOE support of innovative fusion energy concept devel- 
opment appears to have been terminated without forma! scientific review.” 

2. (pa.ge 7, line 2): “These program decisions appear to have been made without formal 
scientific reviews.” 

These statements should be understood as follows: “Recent programmatic decisions by 
DOE to transition support away from innovative fusion energy concept development to the 
support of burning plasma science, addressing problems that hinder the tokamak concept, 
and/or discovery plasma science were made without expert panel review, e.g., by the Fusion 
Energy Sciences Advisory Committee (FESAC).” 
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Biography for Scott C. Hsu 

Dr. Scott C. Hsu is a fusion research scientist in the Physics Division- Plasma Physics 
Group at Los Alamos National Laboratory (LANL) in Los Alamos, NM. He earned a Ph.D. 
in Astrophysical Sciences (Program in Plasma Physics) in 2000 from Princeton University, 
where he made experimental measurements of ion heating during magnetic reconnection, 
which is an ubiquitous process in both laboratory fusion and astrophysical plasmas responsi- 
ble for converting energy from magnetic field energy to plasma kinetic energy. Subsequently, 
he was awarded a DOE Fusion Energy Postdoctoral Fellow'ship to pursue research at the 
California Institute of Technology on an alternate magnetic fusion concept called the sphero- 
mak. There, he also became a pioneer in connecting the physics of astrophysical jets to those 
studied in laboratory plasma experiments. In 2002, he went to LANL as a Frederick Reines 
Distinguished Postdoctoral Fellow to work on magnetized target fusion (aka magneto-inertial 
fusion or MIF), which is a higher-density and pulsed alternate fusion approach, and also ba- 
sic laboratory plasma physics and plasma astrophysics. More recently at LANL, Scott has 
also branched out into research in high-energy-density (HED) physics and inertial confine- 
ment fusion (ICE). Presently, Scott is lead principal investigator for a multi-institutional 
plasma-Jet-driven MIF research project, including primary partner HyperV Technologies 
Corp., sponsored by the DOE Advanced Research Projects Agency-Energy (ARPA-E) un- 
der its ALPHA (Accelerating Low-Cost Plasma Heating and Assembly) program. He also 
conducts experiments and HED research on the OMEGA laser facility at the Laboratory 
for Laser Energetics at the University of Rochester. Scott is the author or co-author of 60 
refereed research publications in plasma and fusion science. In 2002, Scott was a co-recipient 
of the American Physical Society (APS) Award for Excellence in Plasma Physics Research, 
and in 2009, he served as a subpanel member in the DOE’s Basic Research Needs Workshops 
for both Magnetic Fusion Energy Sciences and High Energy Density Laboratory Physics. He 
was formerly an executive committee member of the APS Topical Group in Plasma Astro- 
physics (2004-2007), and is presently a member of the Exploratory Plasma Research (EPR) 
executive committee (since 2012), 
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Chairman Weber. Thank you, Dr. Hsu. And, Dr. Bigot, when you 
earlier had your comments about the video, I thought you were of- 
fering that — to send that to our office, but we’ve got time to watch 
that video now if that’s what you’d like to do. 

Let’s play that video. 

Dr. Bigot. Okay. Thank you. 

Chairman Weber. You bet you. 

[Video shown.] 

Chairman Weber. Thank you. Dr. Bigot. I now recognize myself 
for five minutes. 

Dr. Prager, I think you said that the fusion power may become 
actually a — ^you may have a pilot plant in ten years in your testi- 
mony? Elaborate on that. 

Dr. Prager. So one grand goal of fusion on a step along the way 
is to build an energy-producing plant. 

Chairman Weber. Right. 

Dr. Prager. ITER will produce energy but it won’t make — it’s 
not intended to make net electricity. So there is a goal to do that, 
to demonstrate that you can make net electricity, produce more 
electricity than you can consume. 

So in experiments at Princeton the design that we’re studying at 
NSTX-U, if successful, can offer the possibility of doing that at a 
somewhat smaller size, not radically smaller but somewhat smaller 
scale than the conventional tokamak approach. 

Chairman Weber. Would that be on site where you are now? 

Dr. Prager. No. A — such a facility would involve tritium han- 
dling, which would not best be done in Princeton, New Jersey. 

Chairman Weber. Okay. Well 

Dr. Prager. In ten years we could begin the design and construc- 
tion of such a facility, and there are — this is — there are other ideas, 
for example, to use advances in magnets, current magnet tech- 
nology also to seek reduced size pilot plants. So this is one aspira- 
tion for the future. 

Chairman Weber. Well, that — I mean, you’re putting it — to the 
gentleman from Florida’s question about we don’t do this in our 
lifetime, you’re putting a ten-year time frame on it, which, whether 
or not it’s realistic — ^but that is a goal for us to shoot at and I’m 
encouraged to hear that. 

Dr. Prager. Yes. But just let me clarify, that’s not ten years to 
a commercial reactor. 

Chairman Weber. No, I get it. 

Dr. Prager. So let me clear 

Chairman Weber. No, I get that. 

Dr. Prager. Okay. If it’s ten years where we would begin the 

Chairman Weber. Right. 

Dr. Prager. — design and construction of a pilot plant 

Chairman Weber. I’m just hoping my friend from Florida will 
still be with us 

Dr. Prager. Yes. 

Chairman Weber. — in ten years. 

Dr. Prager. I hope so, too. 

Chairman Weber. Yes. You bet. So that — I was glad to hear 
that. 
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And, Dr. Prager, would you support Department of Energy’s de- 
velopment of high-performance computational tools that would he 
accessible to the researchers in the private sector, academia, and 
at the national labs to be useful to the fusion community? Do you 
think that would help shorten that time frame to where we could 
develop that commercial energy power plant? 

Dr. Prager. Absolutely, yes. You know, there’s been revolu- 
tionary advances in supercomputers that’s revolutionizing all of 
modern science, fusion no less than any other. So with the super- 
computing capabilities we can design concepts and test them on the 
computer and advance them in ways that we couldn’t possibly do 
before. And there are new ideas on the table because of that. 

It’s also, I might say, critical for us in terms of interpreting ITER 
results. We need these advanced computation to understand as 
best as we can how ITER will behaved. So this is revolutionary for 
fusion. 

Chairman Weber. Dr. Hsu, does that help you? 

Dr. Hsu. Absolutely, yes. I should also add that for smaller 
projects such as Innovative Concepts, the resources generally are 
tough to come by to make use of our computational capabilities. So 
any assistance on that front would be tremendously useful for inno- 
vative concept development. Also in the inertial fusion side, access 
to some of the codes can be difficult for people not at the national 
labs, so 

Chairman Weber. Okay. 

Dr. Hsu. — making codes more generally available would help fu- 
sion energy development. 

Chairman Weber. You’re working on magnetized target fusion? 

Dr. Hsu. Yes, that’s correct. 

Chairman Weber. That’s part of this and that would help you in 
that endeavor? 

Dr. Hsu. Yes. 

Chairman Weber. Okay. Very good. 

And, Dr. Bigot, I’m going to come back to you. Thank you, by the 
way, for your success — early success as Director General in setting 
a time frame and a guideline. We really appreciate your efforts in 
that manner. 

The fact that you’ve had success should instill confidence, but 
how can we help you — what needs to be done to increase the con- 
fidence in ITER that ITER will be on — will continue on that steady 
pace to realize its goals? What are your plans to make sure that 
you continue that pace? 

Dr. Bigot. It’s clear that it’s a long-term commitment for all the 
seven ITER members, and I do believe that the best would be for 
the ITER members to have referral and open discussion in such a 
way that any proposal we could make could be fully examined and 
supported. And it’s why it is so important that the seven members 
feel fully committed to support what we call the 'Toest technically 
achievable schedule" in such a way that we have all the mile- 
stones — we have now clearly a position on this road. We have the 
full support. 

I really appreciate that you would give us the opportunity to 
make more largely — warn us, share among all the ITER members 
about the importance of continuous support. 
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Chairman Weber. Well, thank you for saying that. And we want 
you to view this committee as a resource because we want to he 
a source of encouragement and resource for you so that anything 
we can do to keep this project moving forward, we want to be able 
to be helped in. 

I’m over my time. So thank you again for being here and your 
testimony. 

And the Chair is going to recognize Alan Grayson. 

Mr. Grayson. Thank you. 

Dr. Bigot, it’s been ten years already since the major govern- 
ments of the world signed off on the ITER project. We now have 
11 years to go before we start to do the major experiments in- 
volved, and there isn’t even a plan to actually generate net elec- 
tricity from ITER. That’s not its design or its purpose. 

Dr. Prager, you’re talking about an alternative smaller-scale ap- 
proach where we would begin construction ten years from now. 
Let’s say hypothetically that mankind wakes up tomorrow morning 
and decides that we don’t want to wait 10 or 11 years until we do 
the experiments or the construction, but we want a much quicker 
result that can lead to electricity generation net from fusion 
projects in a shorter time frame. What should we do? Dr. Hsu? 

Dr. Hsu. I think we need to pursue many avenues at this point 
because we don’t know the answer right now. ITER is the most ma- 
ture — ITER is the most mature method, and I believe that is why 
we’re pursuing and need to pursue it, but we should consider all 
our known options at this point. 

Mr. Grayson. Well, consider, what do you mean by that? Pursue, 
you used that word also. What do you mean by that? What should 
we do? 

Dr. Hsu. We should look at our other options alongside our 
maybe — ^you know, our most mature option. 

Mr. Grayson. Do you want to enumerate some? 

Dr. Prager. Well, so some of the examples I discuss in my writ- 
ten testimony and on the figure 1 of my written testimony, DOE 
has supported the development of those concepts in the past. There 
is room to continue advancing some of those concepts, and some of 
those concepts, as I mentioned earlier, are attractive because they 
have less engineering complexity. But they — ^but I caution, they are 
at a less-mature state right now, so it’s harder to provide a reliable 
path forward. We need to do the research to decide whether the 
performance is acceptable. 

Mr. Grayson. Dr. Prager, if we don’t want to wait 10 or 11 years 
simply to conduct more experiments or new construction but we ac- 
tually want to see some positive result that benefits mankind in a 
shorter time frame, what should we do? 

Dr. Prager. Well, we’re resource-limited right now. I think if the 
United States wanted to commit more aggressively to fusion, 
there’s lots that we can do. We can lay plans now for in the United 
States to build an energy-producing facility. Whether it’s a pilot 
plant or something of reduced ambition, the scientific immunity 
would have to debate, but we can move forward on that. We could 
move forward on ideas that offer perhaps more attractive route or 
solve some of the problems that are confronting us. 
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I mentioned the computer is able to design machines we couldn’t 
design before. There are designed on the table that the United 
States should be building that would have very attractive features. 
I think there is no one idea that’s a magic bullet that will deliver 
commercial fusion power in 10 years. 

Mr. Grayson. Okay. 

Dr. Prager. I don’t think that’s going to happen. But we can 
greatly accelerate the pace, and no question, fusion can be devel- 
oped in a timescale to have a huge impact on how we produce en- 
ergy in the mid-part of this century. 

Mr. Grayson. All right. 

Dr. Prager. I do agree with Dr. Hsu’s testimony. I think that we 
should be supporting ideas in fusion that span from the main- 
stream and there’s a continuous spectrum all out to ideas that are 
very, very primitive at this time. But I agree with Dr. Hsu that we 
should have metrics and a systematic way to judge their progress 
and what should move forward and what shouldn’t be. 

Mr. Grayson. You say there are designs on the table that the 
United States should be building. What are they? 

Dr. Prager. So here you’ll get different answers. Let me just 
preface it. You’ll get different answers from different fusion sci- 
entists because there’s a plethora of ideas and everybody has their 
favorite. So with that preface I’ll tell you one of my favorites, okay? 
There are designs now that use magnets that look highly, highly 
asymmetric. If you look at how — the magnet structure, it’s not nice, 
circular magnets. It’s because we can design — we can optimize the 
shape of the magnetic bottle so that — to make the best physics per- 
formance we can possibly get. 

So there are designs that go into the brand name of stellarators. 
They’re studied in Germany and Japan, but there are unique U.S. 
designs that automatically run continuously for months on end and 
are extremely stable and well controlled. And that’s one example, 
I think, of a modern design that we should be building. And there 
are others. 

Mr. Grayson. Dr. Bigot? 

Dr. Bigot. You know, I want to be very clear. We have not to 
oversell, okay, the schedule. For example, I just want to let you 
know that for many factorings a big vacuum vessel sectors. There 
are nine that I mentioned there. We know we could not do it before 
three years and eight months, okay? It takes time if we want to 
be able to really deliver. 

The ITER project now want to demonstrate clearly that we will 
have, okay, massive production, a sustainable production, and it is 
leading-edge, okay, technologies and it takes time, okay. It’s a nu- 
clear facility. We need to absolutely work on quality and safety, 
and for me. I’m very supportive of the alternative, okay, develop- 
ment, which could be brought in because I do believe it will be 
worth once we have as ITER demonstration to integrate some of 
these things. But as long as we have not seen the real break- 
through with, okay, the yield of factor of ten and when compared 
with the energy it is consuming in order to heat the plasma it will 
be difficult to accommodate. 

Again, we have to think about, for example, for developing the 
superconducting coils now, it takes nearly, okay, 30 years, okay, on 
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all the best expert worldwide in national labs in order to secure an 
industry production, okay. So from my point of view we are not to 
raise too much expectation. 

The most important for me is to keep now on schedule. We have 
a clear schedule, okay. It will take, as you say, okay, ten, eleven 
years to have the first plasma done, and I do believe it will be the 
best demonstration of the availability of this technology to be able 
to afford according to the best schedule we have. 

Mr. Grayson. I yield back. 

Chairman Weber. I thank the gentleman and now recognize Mr. 
Knight from California for five minutes. 

Mr. Knight. Thank you, Mr. Chair. 

So I’m just going to go down the kind of time frame here and 
who’s involved. We have seven members involved, and we have 
about a 30-year process of where we started on this and now we’re 
talking about another — maybe a ten-year process before we get to 
a — kind of a working model for lack of a better term here. 

In every situation when we talk about a long-term project, we’re 
always talking about cost, we’re always talking about who’s in- 
volved and maybe if we need to get more money, then we have to 
look at those members, or has anyone talked about bringing in 
other countries, other members into this agreement? Yes, sir. 

Dr. Bigot. Yes. Clearly, I’m pleased to see that in the world 
many countries are looking to fusion, as you do yourself, and I’m 
very pleased to see some new companies starting in order to dem- 
onstrate if there is some innovation. And I’m clear to you that some 
country now are questioning us as to whether we could accept if 
they could join us as a new ITER member. So very soon I will dis- 
cuss with some of these countries in order to see if they could fulfill 
the regulation and the rules to join the ITER. 

Mr. Knight. Okay. 

Dr. Bigot. And I will let you know as soon as, okay, we will be 
there. It could help us because, as you know, there is over-cost and 
so if these people bring in and are decided to be really a member, 
it will reduce the difficulty to find, okay, the financial request we 
are now facing. 

Mr. Knight. Okay. Very good. And I’m to understand that the 
ITER project is the closest project in this form of technology any- 
where in the world, is that correct? 

Dr. Bigot. According to me, yes. We have been working for so 
long and all 

Mr. Knight. You’re my expert. 

Dr. Bigot. Okay. And we are — ^yes. And we are now benefiting 
of all the experience. You know, when the project start, it was quite 
difficult challenge to fix everything, but now after the ten years, I 
do believe if we have a proper management, we will be able to de- 
liver on time. 

Mr. Knight. Okay. And my last question is a question I always 
put to my son is that do you think we’re smart enough to do some 
of the things today? And the answer is always we may or may not 
be smart enough to do some of these things. The fact of the matter 
is for the supercomputing that is happening today, we are way 
smarter today than we might have been ten years ago with the ad- 
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vancements in computers, with the advancements that we have 
done over the last ten years to get us to where we are. 

So in ten years from now, hopefully, we have this model, hope- 
fully, we are on schedule and we are hitting all the points that 
we’re supposed to for this project. But over those ten years, com- 
puters are going to he infinitely better at what they do, compared 
to today. We are going to know an awful lot more in ten years than 
we know today. 

So with all of that being said, I hear from all three of the panel- 
ists that it is very hopeful and possible that we will be there in ten 
years to have this project up and running. And I am getting that 
from all three of my panelists, is that correct? 

Dr. Bigot. Yes. According to me, you are correct. It was really 
very well point out and underlined that computing facility is very, 
very important asset for the developing of these technologies. 

As you know now, within the ITER we have what we call a 
broader approach. With Japan, for example, we have a computer 
specially dedicated to the modeling of the plasma and all of the, 
okay, operation and factors. 

But I would say that now the ITER project is a really challenging 
engineering, okay, goal and is why it’s bringing us so much to have 
this computing capability. And if you come onsite, you will see we 
have what we call a virtual room where all the engineers day after 
day are able to see how this piece will be fully assembled, how we 
can maintain them, how we could take advantage of the optimiza- 
tion of the process. So computing for me is really something which 
could help a lot in the future. 

Mr. Knight. Thank you very much, Mr. Chair. And I think we 
were just invited to southern Erance. 

Chairman Weber. All right. Well, when this hearing is con- 
cluded, we’ll all get — go to the airport. 

I appreciate the gentleman yielding back, and the gentlelady 
from Massachusetts is recognized. 

Ms. Clark. Thank you, Mr. Chair, and thank you to the panel- 
ists for being here. And I understand that burning plasma science 
is just one of the areas that we have to address if we really want 
to deliver on fusion’s promise of clean — as a clean energy source in 
a meaningful timescale as we look at climate change and the ef- 
fects that it is having. 

What — this is really a follow-up on Representative Grayson’s 
question, but what does the United States have to do to establish 
leadership and accelerate the progress in plasma phasing materials 
research or in simulation and modeling of plasmas? For anyone. 

Dr. Bigot. I could start. For me from my point of view as ITER, 
as everybody knows in the world, the United States has the most 
advanced, okay, in science and technology industry. So the best we 
could expect is to train excellent engineers, excellent scientists, and 
invite them to join the effort because the staff will be the best asset 
to move forward more rapidly. 

And so for me it’s very important that we have a clear long-term 
vision, okay, a real roadmap to deliver in such a way we built trust 
for the new generation to be involved in these works. As we dis- 
cussed here, it’s a few years ahead of us when we will be able to 
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operate a facility, and the best is to have new generation to be in- 
volved in this field according to my views. 

Ms. Clark. Thank you. 

Dr. Prager. So in terms of your two questions on computation, 
I think we have the knowhow, we know what to do, we’re building 
the codes, and we just need to be part of actually the presidential 
initiative in exascale computation. If fusion can partake in that, we 
can very directly move ahead in computation. That’s — we’re just — 
we’re ready to go. And it’s an area where a relatively modest in- 
vestment can keep the United States on the leading edge in fusion 
computation. 

You asked specifically about plasma-facing materials. Well, with- 
in the last year the U.S. fusion community got together and did 
some planning in that and came up with four possible next steps. 
They include building an experiment that’s specifically designed to 
shoot a plasma into a material to develop material science. It in- 
cludes a robust program in developing liquid metals as a plasma- 
facing component. It includes ideas to build a new but medium- 
sized tokamak that’s designed specifically to learn how to exhaust 
the heat in a way that the material survives. And it also includes 
full utilization of the current facilities that are studying this. So 
the community did come together and lay out some near-term af- 
fordable opportunities in that area. 

Ms. Clark. Great. Thank you. 

Do you have anything to offer. Dr. Hsu? 

Dr. Hsu. Yes, I like to say that I think to follow on Dr. Bigot’s 
point about bringing young — bright young people into the field es- 
pecially, there are things we can do. One of the things that I wrote 
about, about the excitement out some of the innovative concept 
work is that because it offers a tantalizing possibility of a faster 
development path, that that could help with exciting, you know, 
the new generation of fusion scientists. 

The other thing is the advanced computational abilities you 
spoke about could really help the innovative concept aspect of the 
program because not as much has been applied to innovative con- 
cept research with our latest and best computational capabilities. 

Ms. Clark. So if I understood you correctly in your testimony, 
you were talking about — I think you said that for the private sector 
a lot of these innovative technologies are too expensive to really 
have a meaningful investment. If we are not finding that funding 
in the United States, are there international competitors who are 
looking to fund this type of innovation? 

Mr. HSU. I believe there is. I know that General Fusion, the Ca- 
nadian company, has obtained funding from the Malaysian Govern- 
ment’s sovereign fund. I’ve read that Tri Alpha Energy has re- 
ceived funding from a private equity vehicle created by the Russian 
Government. We know that China is building many if not most of 
the devices I showed in my figure 1, and I believe China is also 
pursuing magneto-inertial fusion, which is the focus of the Alpha 
ARPA-E program. So I — for some of these things international 
sources may become the main option. 

Ms. Clark. Thank you. I see I’m out of time. Thank you, Mr. 
Chairman. 
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Chairman Weber. I thank the gentlelady, and Mr. Hultgren 
from Illinois is recognized for five minutes. 

Mr. Hultgren. Thank you, Chairman. Thank you all so much 
for being here. This is an important discussion for us to he having. 
Fusion energy certainly is a very important research area that has 
the potential to completely transform our energy sector. It also is 
a massive undertaking that is emblematic of the internationaliza- 
tion of major research facilities. Our scientific communities have to 
work together because we can no longer just go it alone and expect 
to get anything done. 

l5r. Bigot, I wonder if I could address my first question to you. 
First, I want to say that I really appreciate the work that you’re 
doing, and from all that I’ve heard, the ITER project seems to be 
in a much better place than it has been in the past, and I think 
much of that is because of your leadership. 

One question I’d like to ask you, and I hope you can be candid 
so that we can help to make America a better partner, I wanted 
to ask what the biggest hurdles that you face or that others face 
working with the United States. What are the first questions you 
ask yourself when we say that we’re going to deliver on a project 
that is five or ten or fifteen years down the road? 

Dr. Bigot. As you know, this project is so large that just one sin- 
gle country cannot afford it. You have to think about that we are 
building huge magnetic cages. The size of it is 20 meters, I would 
say, with a precision which is millimetric. So if we just considering 
one country, whatever powerful it could be, it will be too long to 
clearly demonstrate. 

So for me it’s very important again, as I stress the point, that 
the United States be committed on the long-term and could con- 
tribute — they contribute with their staff, as I mentioned. They 
could contribute also with many other technologies, okay. 

The project — the ITER project, as any others, okay, fusion 
project, request a lot of different technology, cryogenics, electro 
techniques, materials, and all these things. And so all these part 
could be gathered, okay, and I expect, as it was told by your Dr. 
Prager and Dr. Hsu, that there is strong support for all these basic 
research which could contribute to accelerate the proper delivery of 
the fusion technology in the world in the very next two decades 
really. 

Mr. Hultgren. Thank you. I hope that — I do see how important 
this partnership is, and I hope we can remain a reliable partner. 
That’s something that we’ve got to struggle with and make sure 
that especially the funding side of things, that we are reliable 
there. 

Dr. Prager, I wanted to talk briefly with you. Eirst of all, it’s 
good to see you again and I look forward to seeing you later with 
the Lab Day that’s going on over on the Senate side this afternoon. 
But the privilege I have of representing Eermilab, I see a lot of 
similarities between our two labs being single-purpose, and I’ll 
make sure that any measure of success our labs use, it takes into 
account the differences between these labs, and also our broader 
multipurpose labs like Argonne and some others. 

When we do science, the science itself should always be the driv- 
er of the work we pursue, but it’s always good for us to know the 
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other side-benefits and application from our research. I wonder 
what other applications does your research have that can benefit 
the nation? 

Dr. Prager. Thank you. And I do want to thank you for your 
broad support of the whole national laboratory complex, which is 
invaluable to us. 

Mr. Hultgren. Thanks. 

Dr. Prager. The applications of fusion energy science go far and 
broad. And there are two classes of applications. One is to other 
areas of science, and the other one is applications to society and in- 
dustry in general. In science we only have to know that essentially 
all of the visible universe is made up of plasma. So if you want to 
understand how stars are formed, how black holes work, why solar 
flares occur, if you want to understand the space weather and the 
Earth’s environment, that’s largely a problem in plasma physics. 
And the synergy between fusion science and what we call plasma 
astrophysics is enormous. So the effect on astronomy is enormous. 

In regard to your — one of your interest areas of Fermilab, there 
are plasma ideas to build new accelerators where you can accel- 
erate particles much more quickly to high energy over much short- 
er distances than the present accelerator technology, and this is a 
very exciting application of plasma physics to particle physics, 
which is the focus of Fermilab. 

In industry, plasmas have a nice property. They’re kind of peo- 
ple-sized and they’re pretty hot and you can use them to interact 
with materials in revolutionary ways. So plasmas are used to make 
semiconductor chips and have in part fueled Moore’s Law. Plasmas 
are used to make new types of nanostructures that are revolution- 
izing various types of industry. Plasmas are used to burn up waste. 
There’s a new area of plasma medicine where plasmas interact 
with biological systems. You can use plasmas to heal wounds and 
plasmas can affect the chemical reactions in biological systems. 
There are plasma rocket thrusters that are in use today. You can — 
instead of having a chemical rocket, you can shoot a plasma out of 
a nozzle and the rocket moves forward. So you can have rockets 
that are much more fuel efficient. So there’s a remarkably broad 
array of both fundamental science and industrial applications of 
plasmas. 

Mr. Hultgren. That’s great. It sounds exciting and I’m looking 
forward to everything that comes out of this. 

Thank you all again. My time is expired. I yield back. Chairman. 
Thank you. 

Chairman Weber. I thank the gentleman. And, Mr. Lipinski, I 
think you’re up. 

Mr. Lipinski. Thank you, Mr. Chairman. Thank you for holding 
this hearing. It’s very important. 

As I’m sure everyone has talked about the — how critical it could 
be to — you know, producing energy in so many areas if we can fig- 
ure this out. 

I visited the NIF — I visited NIF at Lawrence Livermore a few 
years ago, but I’m going to leave that to Ms. Lofgren to talk a little 
bit more about that. I’m sure she has some questions and com- 
ments about that. But I want to look at what we’ve been doing over 
the past few years looking at promising alternative approaches to 
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achieving a viable fusion reactor. They have emerged from some 
small and midsize startups, as well as academia and our national 
labs. 

And Dr. Hsu, you know well ARPA-E recently established a 
three-year program to further explore the potential for some of 
these concepts, particularly on an approach called magnetized tar- 
get fusion. But like all ARPA-E initiatives, this program is tem- 
porary. It does not cover the full range of emerging alternatives 
that currently receive no federal support. 

So I want to ask Dr. Hsu and Dr. Prager, does the Office of 
Science’s current fusion research program have the flexibility to 
shift resources to promising new approaches if they don’t align 
with the conventional tokamak research pathway? And if not, what 
can we do to provide the office with the flexibility? 

Dr. Hsu. Thank you for the question. I do not believe the flexi- 
bility current exists — currently exists for alternative concepts. At 
present, innovative concept development has no budget, nor new 
proposal solicitations from DOE, and I believe this omission should 
be addressed. 

Mr. Lipinski. Dr. Prager, do you have 

Dr. Prager. I agree with Dr. Hsu. The budget — the fusion budg- 
et is very constrained financially, so there’s been a decision made 
not to have a defined program to develop and consider fusion con- 
cepts that are different than what we call the tokamak and 
stellarator. And I do agree there should be a program and an op- 
portunity within DOE, and these concepts, as Dr. Hsu said, should 
be subject to metrics, strict metrics moving forward. But I think as 
a — I would say as a matter of policy, the fusion program should be 
able to consider and, where meritorious, fund a variety of ap- 
proaches to fusion. 

Mr. Lipinski. All right. Thank you. I have to run off to a markup, 
so I yield back. Thanks. 

Chairman Weber. The gentleman yields back. 

And Mr. Rohrabacher from California, you are recognized for 5 
minutes. 

Mr. Rohrabacher. Thank you very much, Mr. Chairman. 

I’d just like to get some numbers straight here. So over the last 
ten years we have spent $900 million on this project, is that right? 

Dr. Bigot. Globally, globally, yes, with the seven members, yes. 
It is 

Mr. Rohrabacher. No, 700 — how much has the United States 
spent on it? 

Dr. Bigot. Okay. Right now, I do believe it’s below two billion, 
but it is more to the U.S. ITER project office to speak about be- 
cause myself, as the 10, have not the precise number because a dif- 
ferent domestic agency has to provide in-kind, and I’ve not precise 
knowledge 

Mr. Rohrabacher. Well, how much money — we have spent how 
much money over the last ten years, the United States? 

Dr. Prager. So I think it is — I don’t have the exact number, but 
it is a good fraction of one billion dollars. 

Mr. Rohrabacher. So about 

Dr. Prager. It’s been typically funded in the range of $100 mil- 
lion a year 
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Mr. Rohrabacher. Okay. 

Dr. Prager. — you know, building up to where it is now 

Mr. Rohrabacher. So 

Dr. Prager. — so it’s a fraction of one billion dollars. 

Mr. Rohrabacher. So around about $900 million is 

Dr. Prager. In that range, yes. 

Mr. Rohrabacher. Okay. And how much have our partners 
spent on this project? 

Dr. Prager. Maybe Dr. Bigot can give the best estimate. 

Dr. Bigot. Okay. It’s quite difficult to give you a precise answer 
again as I explained to you because seven member has to bring, 
okay, their in-kind contribution, okay, each member, China, Rus- 
sia, India, and so — and so the labor cost, for example, is not exactly 
comparable, okay. So again, I have no consolidation of the global 
cost which has already been spent. I can say clearly what has been 
spent, for example, in the ITER organization, where we are on the 
order of 250, 300 million, no more, okay, one billion per year on the 
last year, so this is below three billion, which has been spent al- 
ready. 

My expectation now, if we have some equivalency with what we 
call the European currency-because the European currency so far 
is used for measurement of the cost-altogether it will be spending 
including, commitments, on the order of twelve million — of twelve 
billion. 

Mr. Rohrabacher. No, no, how much have they already spent is 
the question. 

Dr. Bigot. Spent is no more than $7 billion according to my 
view. 

Mr. Rohrabacher. They have already spent seven billion? 

Dr. Bigot. Yes. 

Mr. Rohrabacher. Okay. So we’ve spent $900 million, and 
they’ve spent seven billion on the project already, is that correct? 

Dr. Bigot. Okay. I don’t believe in the U.S. you have spent 9 bil- 
lion, okay 

Mr. Rohrabacher. Nine hundred million. 

Dr. Bigot. Oh, 900, okay, yes, okay. Sorry, I miss the point. Yes, 
I agree with you. 

Mr. Rohrabacher. All right. So we’ve spent a grand total of per- 
haps — six billion on this project already has been spent, is that cor- 
rect? 

Dr. Bigot. Yes, it is of this order. As I explained to you, 
we’ve 

Mr. Rohrabacher. Six, seven billion dollars. All right. And we’ve 
spent nine billion. And we would expect to spend four-six billion 
more of our money in the next ten years, is that correct? 

Dr. Bigot. Okay. As you know, we have made, okay, this best 
achievable schedule. We’ve come with some cost estimates, and the 
cost estimates, for the first plasma from the point of view of the 
ITER, okay, the central organization is on the order of four billion 
more. 

Mr. Rohrabacher. We would be spending four billion? 

Dr. Bigot. Yes. And so 

Mr. Rohrabacher. And how much 

Dr. Bigot. Because 
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Mr. Rohrabacher. And how much would our — how much are 
our allies in this project expected to spend 

Dr. Bigot. Okay. 

Mr. Rohrabacher. — more? 

Dr. Bigot. Altogether it is an increase of four billion. And again, 
I don’t speak about the in-kind which is, okay, the responsibility 
of the different ITER members. So 

Mr. Rohrabacher. Right. 

Dr. Bigot. — altogether my expectation that the cost for this 
project ready for operation will be of the order of 18 billion of euro. 
I speak in euro. 

Mr. Rohrabacher. Okay. The 

Dr. Bigot. Okay. 

Mr. Rohrabacher. How much — so of the 18 billion, we will be 
spending four to six billion, and they will be spending the rest, is 
that right? 

Dr. Bigot. Yes. Yes. 

Mr. Rohrabacher. All right. That’s what I’m looking for there. 
And this — we would — it’s going to be ten years before we actually 
will be determining whether or not the project has been successful? 

Dr. Bigot. Yes. 

Mr. Rohrabacher. All right. And so the total price of what we’re 
ending up talking about is what? I’m trying to add up the figures 
here. What, twenty billion? 

Dr. Bigot. Yes, of this order, okay, I do believe you are — this is 
the right order. 

Mr. Rohrabacher. Twenty billion dollars. And let me just note 
that — and what would you — ^you’d say the chances — after $20 bil- 
lion, the chances of success and of reaching what theoretically is 
possible, what would you say the chances are of actual success in 
achieving that? 

Dr. Bigot. According to me, the science is quite robust, taking 
advantage of all the work which has been done worldwide. The 
main challenge now is engineering and industrial 

Mr. Rohrabacher. Well 

Dr. Bigot. — and I do believe that, okay, more and more we are 
moving on. More and more we are confident that we will deliver. 

Mr. Rohrabacher. The engineering — so it’s possible, however, 
the engineering couldn’t — I mean, for example, I understand that 
already there’s been great progress made in the producing the ad- 
vanced materials that — the actual material science has grown a 
long way, and you’ve achieved the goals — a lot — many of the goals 
that are necessary in the materials area. But that was possible 
that that may not have happened. I mean, we actually achieved a 
goal we didn’t know we could achieve 

Dr. Bigot. Yes. 

Mr. Rohrabacher. — and we achieved it. So you’re going to have 
to lay odds on 

Dr. Bigot. Okay. 

Mr. Rohrabacher. — all the engineering and all these things 
coming together. What are your odds? 

Dr. Bigot. Okay. So the point is the following. As you know, the 
ITER project is a research project, and you’re asked to demonstrate 
the, okay, capacity of materials, of good process, and all these 
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things, and is why it will be a living project. In my expectation we 
have all the capacity of the scientists and engineers, okay, there is 
great chance that we will fulfill. 

In any case, I do believe this project could be so beneficial to the 
world that it is really worth to try and to demonstrate. 

Mr. Rohrabacher. Okay. Let me 

Dr. Bigot. And again, we spoke 

Mr. Rohrabacher. Let me mention this. There are a lot of won- 
derful things that we can do in this world. 

Dr. Bigot. I know. 

Mr. Rohrabacher. Wonderful things, and 

Dr. Bigot. Including ITER. 

Mr. Rohrabacher. Okay. And ITER maybe one of them, but 
what we do is we judge each one based on the cost and the chances 
of success. And I’m sorry. I’ve been through a lot of these hearings, 
and I still think that the money that we put into trying to develop 
fusion — had we put $20 billion in this same effort into perfecting 
fission, we’d be a lot — it’s a lot greater chance for improving man- 
kind. 

But as we move forward, I wish you success because we want 
those dollars not to be wasted. 

Dr. Bigot. Okay. When — again, I want to point out that the 
United States now has the sharing of nine percent, okay, and with 
all the effort made by all the other partners, you have good chance 
to have 100 percent, okay, rewarding with all the knowledge and 
the, okay, knowledge we bring in. 

So, again, as you know, I have been working on energy for years 
and years. I do believe that in the world we’ll be facing real chal- 
lenge when we will see that fossil fuel we rely on more than 80 per- 
cent now will be depleting. We know. It is obvious. I don’t know 
if it is in ten years or is a century, but it will be, and if we have 
no alternative technology in order to produce massively energy, 
okay, complementary with the renewable energy, we will — the 
world will face real difficulty. 

So again, I do believe it is worth to go as far as we can in order 
to make full demonstration. Eusion has worked for years in the sun 
and stars, as Dr. Prager says, so why very talented scientists and 
engineers will not be able to deliver? My trust is that they will do 
so, provided that they have good support. 

Chairman Weber. We’re going to go ahead and move on. 

Mr. Rohrabacher. Thank you. 

Chairman Weber. I think the gentleman is yielding back. So I 
thank the gentleman, and we’re going to move to Mr. Eoster of Illi- 
nois. 

Mr. Eoster. Well, thank you. And thank you, Mr. Chairman, for 
allowing me to sit on this committee hearing. 

I guess my first question is, assuming that ITER succeeds and 
that sometime around 2025, 2030, would succeed at everything in- 
cluding DT — the DT program, what are the — going to be the re- 
maining unsolved problems A) to be able to design a production 
which — you know, something that is an energy plant, you know, 
what’s on the list of things that will be unsolved problems? 

And secondly, what will be needed to understand what the 
levelized cost of electricity from a tokamak of those dimensions 



64 


might be? You know, those are the two things that have to succeed 
to make fusion succeed as — succeed scientifically and engineering- 
wise, and it has to succeed economically. And so what will be the 
unsolved problems in 2025 or 2030, assuming everything goes 
nominally? I’m happy to have — you two can split it. 

Dr. Bigot. May I start? Yes. Okay. I do believe that the main 
problem which will have — okay, there is two main problem from 
my point of view. Once — okay, the ITER will have in delivery, 
okay, full demonstration that we could have, okay, 500 megawatt 
coming out of the 50 megawatt we will put in. 

It is materials, okay. When we will have continuous production 
of plasma energies, with some energy flux with neutrons which are 
as large as 20 megawatt per square meter, when we know, for ex- 
ample, when many 

Mr. Foster. That’s the power density on the diverter or not 

Dr. Bigot. Yes, on the diverter. 

Mr. Foster. Right. Okay. Right. 

Dr. Bigot. Okay. So all we could manage is some material which 
could be able to sustain such a flux continuously. 

And the second, we know if we want to take full advantage of 
the investment of industry or tokamak, we’ve — okay, the super- 
conducting coils which could last for very long because there is no 
real use with, okay, superconducting coils because there is no en- 
ergy dissipation, as you know. And so it will be the remote han- 
dling. How could we change some of the piece, for example, okay, 
tiles which will be facing the plasma or we could make all this re- 
mote handling properly done in such a way that, okay, we could 
take the best investment and have a long lifetime, okay, expecta- 
tion for the delivery. 

So in order to come to the point you mentioned about the econ- 
omy: it is a big investment, but if the operational costs in the long 
lifetime of the equipment are very low, it will be quite economical 
process. 

Mr. Foster. And is that — are there actually designed studies 
where you say just, okay, imagine that you’re not making one of 
ITER but you’re making worldwide 100 of them? You know, how 
cheap could you imagine making all the superconducting coils? 
How cheap could you imagine making all the different components? 
You know, you can be optimistic there, but if you find that the 
levelized cost of electricity doesn’t look — you know, doesn’t look at- 
tractive, then you have to actually step back and maybe reallocate 
between more adventurous but potentially cheaper ones and 
straight ahead with the current plan. 

And so what’s the current state of knowledge of what the eco- 
nomics might be, just assuming everything works technically here? 

Dr. Bigot. Okay. Right now, there are several studies. As we 
know, ITER is the first of a kind, okay, and we have a lot of equip- 
ment around, the technology and so on. So the people mentioned 
to me very recently that when we will be moving to a real indus- 
trial facility, maybe the cost will be down compared to the cost of 
the ITER facility 

Mr. Foster. Oh, unquestionably. And if you tell me you are opti- 
mistic it will be a factor of the — the unit cost will drop by a factor 
of five, it’s not unthinkable, but then you still have to do the cost 
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of electricity calculation and see if you’re happy with the result. 
And that’s — I wonder if — those sort of studies must have heen done 
for different versions of fusion machines at different levels of accu- 
racy. What’s the current understanding for whether the ITER de- 
sign point has a shot? I mean, that’s the question I’m trying to get 
at. 

Dr. Bigot. Okay. From my point of view all the studies I have 
seen so far we expect that the cost of the electricity which will 
come is — from such a facility will he around, okay, what we call 
100 euro — I speak in euro, okay, which will be 100, okay, dollars, 
okay, per megawatt, as you have now, for example, with some of 
the, okay, windmills or solar energy. 

Mr. Foster. That’s 

Dr. Bigot. So it would be comparable. 

Mr. Foster. — 13 cents a kilowatt hour, right? 

Dr. Bigot. Yes. 

Mr. Foster. Yes. Stu, do you have anything? 

Dr. Prager. I agree with everything Dr. Bigot said. I think for 
challenges, let me list three. I think one in the plasma science we 
have to learn how to hold the plasma in steady-state persistently. 
ITER will teach us about that but ITER will burn for about 8 min- 
utes or so, and we need to learn how to have a burning plasma that 
lasts for months on end. That is in part a plasma science challenge, 
and there’s research underway to accomplish that, number one. 

Number two, as Bigot said, there’s a whole — the whole issue of 
materials research, both the plasma-facing component and the 
structural material that has to manage the neutron bombardment, 
and that’s a set of challenges, and there are ideas how to meet 
those challenges. 

And third, while ITER is operating, we are working on how to 
make the reactor concept even more attractive economically. So 
ITER will teach us all about burning plasma science and then 
maybe by the time we get that, we’ll have evolved beyond simply 
duplicating ITER for a reactor. So we can take that burning plas- 
ma science, ideas that have been developed in parallel maybe have 
a more highly optimized reactor. 

On cost of electricity, over the years there have been — the best 
engineering studies that could be done taking the cost of materials, 
the cost of assembly and calculating, you know, capital cost and 
cost of electricity, they always come out to be competitive with 
baseload power generation of today. However, projecting economics 
30 years into the future is highly theoretical. 

We have an interesting data point with ITER, and we do ask 
ourselves the question, does the cost to construct ITER, is it con- 
sistent with the engineering calculations of what a reactor will 
cost? ITER is not a reactor, first of a kind, and so on. 

And at PPPL we had the beginnings of a study to try to quantify 
that, try to quantify how much extra cost is in ITER because it’s 
an experiment, it’s the first of a kind, internationally managed. 
And so we’re in the process of trying to get financial, if you like, 
data from the ITER partners so we can quantitatively answer your 
question. 
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Mr. Foster. Well, thank you. And, you know, that’s very impor- 
tant to our — the strategic decisions that we’re going to have to 
make. 

I guess at this point I yield back. 

Chairman Weber. Thank — ^you know. Bill, Yogi Berra said the 
problem with predictions is you’re dealing with the future. 

So the gentleman recognizes the gentleman from Georgia. Barry, 
you’re up. 

Mr. Loudermilk. Thank you, Mr. Chairman. 

Dr. Bigot, you mentioned in your testimony that not only is ITER 
building a first-of-its-kind reactor but the organizational structure 
is first of kind — first of its kind. If you could go back and restruc- 
ture the organization, would you do anything different, and if so, 
what would it be? 

Dr. Bigot. Yes, you’re right. It’s quite a challenge to have these 
35 different nation with different culture, different, okay, ways to 
proceed working altogether. But I do believe it’s a precondition for 
the ITER to move forward because, as I said, it’s a large invest- 
ment, okay, large industrial capacity. If we have not all these part- 
ners around the table, it will be difficult. 

If I would start from scratch with return of experience we have, 
I do believe that it would have been much better if what we pro- 
pose in the action plan was accepted from the very beginning, 
which mean the DG — the Director General has full, okay, power to 
take any technical decision which is needed for the project even 
though the partners are making in-kind contribution, which is good 
because it allows the industry to develop, okay, to, okay, foster in- 
novation in many fields. 

I do believe the key point is the decision-making process. In the 
beginning it was not clear enough that it is an industrial project, 
and we have to empower the Director General with all, okay, the 
support and agreement of the ITER council members that he has 
capacity to decide. And I’m very pleased that I was able to convince 
the seven ITER members, when I elaborated and developed this ac- 
tion plan that they understood that, and they really support me 
during the past 12 month on this matter. 

Mr. Loudermilk. Okay. Dr. Prager, did you want to — I didn’t 
know if you were — you had something to add. 

Dr. Prager. Well, I don’t know. I mean. Bigot — Dr. Bigot is the 
expert on that. I think the international arrangement has been 
well recognized to have provided — be problematic, and I think Dr. 
Bigot is having a remarkable effect on fixing that. 

Mr. Loudermilk. Okay. 

Dr. Prager. So I think the whole fusion community is very de- 
lighted with the progress over the last year. 

Mr. Loudermilk. Okay. Well, Dr. Bigot, are you considering re- 
questing any changes to the organizational structure going for- 
ward? 

Dr. Bigot. Oh, no. I do believe that we have now, okay, tried it 
to change the culture not from just the top managers — 

Mr. Loudermilk. Right. 

Dr. Bigot. — ^but down to all the staff in order that we work in 
what I call an integrated way. Everybody has to feel that they are 
the owner of this global project, and fully accountable for its 
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progress. This is why it is so important to have a schedul and to 
stick to the schedule-with many clear milestone in such a way that 
everybody feels fully committed to deliver. 

Mr. Loudermilk. Okay. Well, thank you. 

Dr. Prager, fusion energy has often been described as being 50 
years away. What do we know now that we didn’t know ten to fif- 
teen years ago that will give us the confidence that we are making 
some progress? 

Dr. Prager. Yes, I think the joke is 30 years away. 

Mr. Loudermilk. Okay. 

Dr. Prager. There’s been a lot of progress over the last 15 years 
in various ways. One, scientifically, a big challenge is how do you 
control 100 million degree plasma, keep the heat in effectively, 
keep it from what we say going unstable and kind of blowing out 
like a tire blowing out. And in the last 15 years we’ve controlled 
it in ways that I couldn’t imagine when I started to work in this 
field. 

There’s aspects of the plasma that, when I started to work, we 
just had to accept that it existed like bad weather, particularly tur- 
bulence in the plasma. Now, we, through — partly through experi- 
ment and through competition and theory we have ways that we 
can actually control the turbulence in the plasma. And therefore, 
this gives us greater confidence that ITER will succeed and that we 
can design a successful fusion reactor. 

You’ve heard a lot about the problem of surrounding 100 million 
degree plasma by a hot material. Well, in experiments over the last 
15 years there’s been ways to magnetically channel the heat out 
and spread it out over surfaces to alleviate that problem. Computa- 
tion has been spoken about a lot, that we have much better pre- 
dictive capabilities. 

Looking a little bit into the future, there are new breakthroughs 
in technology outside of fusion that could have a big impact such 
as magnets they can make very strong magnetic fields. So there’s 
been very good steady progress that’s not solved anything by any 
means but bolstered our confidence that will move well in the fu- 
ture. 

Mr. Loudermilk. Well, thank you. I’m out of time so, Mr. Chair, 
I yield back. 

Chairman Weber. I thank the gentleman. 

And the gentlelady from California is recognized. 

Ms. Lofgren. Well, thank you very much. This is really impor- 
tant hearing, I think, and I’m hoping it’s not the last hearing that 
we have on this subject. 

You know, I remember when I first started working on fusion 
issues that people who were looking at magnetic versus IFE, it was 
like a religion. And I think we’ve actually moved past that now 
where people are seeing it’s a — you know, we need to have a broad 
examination of the entire field, and I’m certainly in that spot. So 
I hope that my questions about the NIF will not be misconstrued 
as being only on the IFE pursuit. 

But, as you know. Dr. Hsu, we’ve talked before about the Na- 
tional Ignition Facility, which obviously is a critical facility for this 
national Stockpile Stewardship Program, but it’s also an important 
element of our science community. The National Academy report in 
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2013 outlined some efforts that might accelerate progress, includ- 
ing additional investments, better coordination — ^you’ve read the re- 
port. I won’t recite everything. 

I’m not — I keep mentioning this, and when the Department of 
Energy folks come, they cite things that the report didn’t say, and 
I’m working with Dr. Moniz to have clarity on that. 

But given the recommendations that they made, the National 
Academy made in terms of pursuing expanding NIF to include the 
direct drive and alternative modes of ignition, crafting and coordi- 
nating the joint plan for IFF research. Scientific Advisory Com- 
mittee, and the like, can you comment whether that would actually 
improve the situation at — with IFF at the NIF in particular? 
Would it enhance the billions of dollars investment we’ve already 
made? 

Dr. Hsu. Yes. I agree with those findings and the original ration- 
ale for standing up the HEDLP program. NIF is indeed meant — 
its primary mission is indeed stockpile stewardship, but as you say, 
it’s an impressive and world-class facility that we’ve invested in. I 
believe there are opportunities on it. The three lab directors — Los 
Alamos, Livermore, Sandia — have stated that fusion is a critical 
need for stockpile stewardship and that the United States must be 
the first to achieve laboratory fusion. 

I believe that over its lifetime NIF should explore, if the physics 
warrant, all the laser-based approaches. That includes direct laser 
drive, indirect x-ray drive, as well as magnetized approaches. 

Ms. Lofgren. Right. Well, I’m just — ^you know, I have some level 
of frustration that obviously the stockpile stewardship mission was 
the primary mission. But the — and we have increased the number 
of shots dramatically, as I’m sure you’re aware. But the facility 
itself is an underutilized resource, and that’s not to take away from 
what we’re doing with ITER in other areas. I mean, I — and when 
you think about what we spent on imported oil alone in 2013, an 
estimated $388 billion for that year on only imported oil, you know, 
investments in fusion science research to me is a bargain. 

Now, we can’t — you know, I think we made a huge mistake by 
setting a deadline on which we’d get ignition. How do you ever do 
science? That is ridiculous. I don’t know who thought that up but 
it wasn’t me. But, you know. I’m not so worried about the develop- 
ment. If we — once we get ignition — when we opened the National 
Ignition Facility, I had the chance to speak at the opening, along 
with many others, and I remember saying, once we get ignition, all 
the rest is just engineering. And, you know, people laughed but I 
actually have a high degree of confidence that things will take off 
once we clear that science. 

And so really I think our effort ought to be on supporting the sci- 
entists to achieve that either, you know, we ought to ramp up at 
the NIF but also support the other efforts so we can achieve that 
incredibly important scientific milestone and then see where we go 
from there. And it’s not just an energy source, but when you take 
a look at where we are and where we’re going to be shortly in a 
shortage of water, how do you do desal without, you know, a limit- 
less source of energy? I mean, we are going to need this as a source 
of energy in the near future. 
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So I’m about out of time but I just — playing cleanup, I just want 
to thank the three of you for your incredibly important work, and 
I hope — you know. Dr. Foster is the only physicist in the House. 
I am so glad that he is here. I hope that you will look at our com- 
mittee as a source of support and that you will be in touch with 
us frequently, whether in formal hearings or informally because I 
think there is bipartisan interest in what you are doing. 

And I yield back, Mr. Chairman. 

Chairman Weber. I thank the gentlelady. 

And I think the gentleman from Florida has some more ques- 
tions. 

Mr. Grayson. Looking back historically, we had a working net- 
energy-producing fission reactor before we actually had the first fis- 
sion weapon detonated a couple of years earlier actually. So now 
here we are. It’s been 64 years since the first fusion weapon was 
detonated, and we still don’t have a fusion reactor that produces 
net energy, nor are we apparently even close to it. What’s the prob- 
lem, gentlemen? Let’s start with Dr. Bigot? 

Dr. Bigot. The problem is to be able to have sustainable produc- 
tion, you know, as you speak about the weapon-okay, we are able 
to deliver a huge amount of fusion energy, but to make it in a sus- 
tainable, fully controlled way is much more challenging as you 
could expect. 

So again, this technology is very challenging. Requiring many 
different advanced technologies in cryogenics, in electromagnetics, 
and so on. Quite recently, I visit China where they have been able 
to assess and clearly demonstrate that we have what we call the 
feeders, which are the cables which will provide electricity to the 
coils — to the superconducting coils. They succeed to demonstrate 
that we could have as much — as many as, okay, nearly 70,000 am- 
peres flowing through that, okay. It’s really challenging. We push 
the technology very, very advanced, and making all this work as 
a system is really challenging. 

I don’t, okay, believe that it was a minor achievement, with the 
weapon as you mentioned, 64 years ago. But again, is something 
really different to master these technologies over the long-term, to 
have a consistent continuous production of energy. 

Mr. Grayson. Dr. Prager? 

Dr. Prager. Why has it taken so long? The fundamental answer 
is that this is one of the most challenging scientific and engineering 
enterprises ever undertaken by humankind, period. It’s really hard. 
But the difficulty is matched by how transformative it will be when 
we succeed. 

It required the development of a new field of science, the field 
that — what we call plasma physics. So when the pioneers in this 
field started out in the late 1950s, early ’60s, this field didn’t hard- 
ly exist. In the last 50 years a new field of science has been pro- 
duced and developed, which is an enormous accomplishment. This 
has shown up in progress in fusion. If you look at fusion quan- 
titative figures of merit, it beats Moore’s Law. By our key figure 
of merit, we’ve gone up a factor of 30,000 in the last 30 years or 
so. We have another factor of six to go for commercial fusion. 

It’s taken long because you can’t prove fusion on a tabletop. You 
just can’t do it. The science doesn’t allow it. We need machines like 
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ITER, the major facilities in the United States. It just takes time 
to build a major facility. So all this stretches it out, and it’s all — 
the overarching message also is that it’s all been underfunded over 
the years so we could have gone faster. 

So for an array of very understandable reasons, it’s taken a long 
time. But if you look at how far we’ve come, I think it gives good 
basis for why the fusion community and scientists that look at this 
problem are very confident that we will get there. 

Mr. Grayson. Dr. Hsu? 

Dr. Hsu. Yes, I think drawing on your weapons analogy, I mean, 
we — like Dr. Prager said, we have come a very long way. We’re al- 
most to the point of detonating that first weapon. And I myself am 
interested in further work of miniaturizing it. That’s the analogy. 
But we’ve — I think the main point is that it’s a hard problem. 
We’ve come a long way. We’re almost there to demonstrating it and 
to put the extra plug in that there are other ways we should be 
looking at that have the potential of not needing such a huge facil- 
ity, but we need to do that work to know the answer. 

Mr. Grayson. Let’s say if the President of the United States an- 
nounced that by the year 2025 he wanted to have fusion facilities 
all around the country as reactors providing net energy, in other 
words, a sort of Manhattan Project for fusion. What would that 
project actually look like. Dr. Prager? 

Dr. Prager. You would parallelize. You would take more risk 
and you would look — you would develop — ^you would solve problems 
in parallel. Right now, we’re doing it all serially, which stretches 
everything out. We would begin a study to build — my opinion — for 
example — it’s going to be hypothetical. We would design a facility 
which would be a pilot plant and demonstrate net electricity pro- 
duction. 

There would be some risk associated with it. It would be a risk 
that it might not work or will work partially, but if you really want 
a Manhattan Project, that could be the centerpiece of the program. 
At the same time, you would have satellite facilities that would 
solve the materials problems. We know what facilities we need to 
build, and you would have a program to develop more attractive fu- 
sion concepts. You would parallelize and do many things in parallel 
if you wanted to have a Manhattan Project. 

Chairman Weber. Let me — Dr. Prager, let me break in here. You 
said satellites 

Dr. Prager. Yes. 

Chairman Weber. — to solve the material problems. 

Dr. Prager. Yes. 

Chairman Weber. Could that be done in existing labs? 

Dr. Prager. No. So, for example, just to give one example, in 
order to really study, as we would like to, how materials behave 
when bombarded by neutrons that the fusion reactions produce, 
you need a facility that can generate the neutrons. We know what 
that facility is. We can design it and we can build it. In round num- 
bers it will cost $1 billion. So we can do that in parallel with this 
pilot plant, as one example. 

Chairman Weber. I yield back. 
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Mr. Grayson. Let’s just continue. Who would like to go next? 
What would that project — that Manhattan Project or a pilot project, 
what would it look like? 

Dr. Bigot. Okay. I do believe it is what was said, very highly co- 
ordinated project with all the piece in order to move forward. And 
again, if the President of the United States and the other ITER 
members decide to have, okay, first fusion producing by 2025, 2028, 
according to the best of all knowledge now we have after five — after 
ten years of the ITER project, I do believe it’s feasible if we have 
a highly coordinated way. 

And I agree: now we know what we have to do and we could ac- 
celerate. But again, I don’t want to oversell. Okay. It takes time 
if we want to do it, okay, right, safely, okay. When you have so 
many piece to assemble, okay, and it is very requiring — again, I 
stress the point that you have to move large piece, which are the 
same size as the one you are moving in the shipyard and to put 
them with millimetric precision-you can not rush so rapidly. 

So again, do it straight in order to have this demonstration facil- 
ity but in parallel to have some more which could consolidate the 
reliability of the installation in the facilities. 

Mr. Grayson. Dr. Hsu? 

Dr. Hsu. I agree with all that. I want to add a couple things, 
though. One is I think for a true fusion crash program you’d want 
to consider what the integrated reactor is going to look like at the 
end. I mean, to build the capabilities and the scientific under- 
standings, you can study those things on separate facilities, as was 
mentioned, but ultimately, a fusion power plant has to tie every- 
thing together, and you would want to consider that earlier in the 
process. So the integration is important. 

And secondly, you want to consider the criteria for a practical 
power plant. Just because you can build it doesn’t mean that every- 
one is going to use it. It has to be practical and usable and competi- 
tive. So thank you very much. 

Mr. Grayson. I yield back. 

Chairman Weber. Mr. Eoster, I think you had some more? 

Mr. Eoster. Yes. I’d like to talk a little bit about the physics risk 
of different machines. I mean, we’ve just — in the case of NIE, you 
know, we saw a tremendous technical success, I mean, in terms of 
delivering the laser power to the objected succeeded — you know. 
I’m blown away by the — by, you know, the success of that from a 
technical point of view but unexpected — and despite having the ac- 
cess to the best supercomputers, the best codes, there was new 
physics uncovered because it was a big extrapolation from tested 
measured regimes of material. 

And in the case of NIE they were very fortunate that there’s a 
very good secondary mission to the National Ignition Eacility, to 
the stockpile stewardship, all of the high energy density physics 
that is to be done there. And so it’s a tremendous and ongoing suc- 
cessful facility. 

In the case of ITER, you’re building it to make fusion power. If 
there are unexpected physics of plasmas that are discovered that 
make the machine not work, that is a very different class of prob- 
lem. 
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So my question was is our current state of understanding of the 
physics simulation of plasmas and the measurements made such 
that ITER is really going to he operated in an understood regime 
right now? Or are we extrapolating in ways that may have some 
physics danger in not achieving the goals? 

Stew, do you want to give that a shot? 

Dr. Prager. iter is an experiment, and if we knew with 99 per- 
cent confidence that it would work as we hope, we wouldn’t bother 
to build it; we would just move to the next step. So ITER is to 
teach us how to control burning plasmas. 

What’s the level of confidence that we will in fact succeed in get- 
ting a burning plasma 10 times more energy out than in and be 
able to control it? I think the confidence is high but it’s not 99 per- 
cent or we wouldn’t be doing the experiment. 

So if you look at — ^you can step through the different physics 
issues. You know, will we be able to confine the energy? Well, that, 
we think so. There you can extrapolate pretty well from current ex- 
periments. Will the alpha particles that are generated in the fusion 
reaction cause instabilities that wreck the plasma? Well, we have 
good computation and we have simulated experiments in current 
facilities that lead us to think that it’ll probably be okay. And on 
and on. But the challenge of a burning plasma is all these phe- 
nomenon interact at one time. It’s a highly complex, coupled sys- 
tem, and when you start to burn, it changes. 

So I think the summary statement is the fusion community has 
pretty good confidence that this will succeed for fusion power, but 
it is an experiment. That’s why — if we — it’s — every experiment is 
some reasonable extrapolation from the precursor. 

Mr. Foster. Okay. Yes. But when there were difficulties encoun- 
tered in the ignition campaign at NIF, there is no shortage of theo- 
rists to come out of the woodwork and say 

Dr. Prager. Yes. 

Mr. Foster. — well, we told you in the initial design studies you 
needed 10 megajoules on target to make this 

Dr. Prager. Yes. 

Mr. Foster. — certain to work, and we told you so. Are there a 
similar group of people standing in the background saying, look, 
there’s a good chance that ITER is going to run into physics prob- 
lems or really is there a much better consensus? Is that 

Dr. Prager. Both. I think there is a consensus that we well like- 
ly have the physics knowhow to succeed in ITER. At the same 
time, physicists are by nature — we’re supposed to be skeptics so we 
are — every day we’re pointing out problems that, you know, can kill 
ITER but won’t really kill ITER. So they both go on all the time. 

I think the extrapolation from inertial fusion facilities before NIF 
to NIF is greater than the extrapolation from existing fusion facili- 
ties to ITER. And so I think we have a pretty good shot that if we 
permit Dr. Bigot to complete the experiment that it will ultimately 
be successful. 

Mr. Foster. Okay. And can the same be said when you’re look- 
ing at stellarator designs, other magnetic geometries and so on, or 
are there a different class of uncertainties there? 

Dr. Prager. Similar kinds of uncertainties, and when we speak 
about next-step stellarators, we’re not at the present time thinking 
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of a burning plasma but we’re testing somewhat different magnetic 
configuration that’s been tested before. So it’s always an extrapo- 
lation, and whenever we build the new experiments, it’s always a 
judgment call of how far you go, as you are saying, how far you 
extrapolate so that you’ll do something exciting without going over 
the cliff. 

And so I would say in the last 25 years or so in the United States 
in magnetic fusion we’ve erred on the side of being too conserv- 
ative. 

Mr. Foster. And will a lot of the uncertainties be resolved with 
the data from the German machine in terms of stellarator or are 
there — or is that really not a “modern design” so you won’t have 
that data? 

Dr. Prager. It’s a very — yes, so Germany has just this last few 
months started a new experiment. It’s a fantastic, modernized, op- 
timized stellarator design. It will be enormously informative. But 
in addition, the stellarator design has enormous design space. So, 
for example, the German one, as fantastic 

Chairman Weber. Dr. Prager, let me break in real quick. 

Dr. Prager. Yes. 

Chairman Weber. Didn’t you say Germany and China was a 

Dr. Prager. Germany and Japan. 

Chairman Weber. Japan, thank you. 

Dr. Prager. So Japan has — there are two sort of billion-dollar- 
class facilities. The one in Japan has been operating for quite a 
while with extremely valuable information. The German one is an 
extremely highly optimized, modern facility, and it’s fantastic. 
Well, one small but — though it extrapolates to a very large size re- 
actor, probably bigger than ITER. 

So, for example, there are ideas that we have in the United 
States to take all the advantages of the stellarator at have it be 
more compact, and that’s what we’d like — one example of what we 
might want to do in the United States. 

Mr. Foster. All right. Let’s see. If I could have just a couple 
more minutes here? 

Chairman Weber. Yes, sir, you bet. 

Mr. Foster. And I’d like to sort of return to the painful, you 
know, project parts of the question here. You know, the United 
States, you know, a few years back signed up for nine percent of 
what was then — please correct me if I’m wrong — ^you know, roughly 
a $12 billion U.S. project. Is that roughly the understanding what 
the initial time that we signed up for ITER? And now it is — we are 
now carrying nine percent of something that is several times larg- 
er. 

You know, that has caused a lot of pain in the Department of En- 
ergy Office of Science budget, and so that’s one of the reasons why, 
you know, we’re — ^you know, we’re seeing, you know, what the Sen- 
ate has done in the last few — has proposed in the last few cycles. 

And so I was wondering, you know, what — you know, what — let’s 
say that the Senate wins, you know, every — for the last few budget 
cycles the House has been restoring money that the Senate cut, you 
know, for ITER. And so I imagine in those circumstances you must 
have at least been starting to do contingency planning to find — to 
understand if that is a fatal blow for the ITER project if this time 
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through the Senate wins. Is that — what can you say about that? Is 
that unquestionably a fatal blow or do you think that if you lose 
nine percent of the funding to the project it will still — you know, 
that you’ll still find ways to work around it? 

Dr. Bigot. Okay. Again I will stress the point. For sure money 
is important, but industrial and scientific capacity for me are even 
more important. And if the United States, okay, which are now the 
most powerful, as I said, in science and, okay, industry, will pull 
out from the ITER, it will be a real drawback for the project. It’s 
not so easy to recover from expertise which has been developed in 
this country in the condition which was explained, okay, just in a 
few minutes. 

So for me, again, I will really stress out that it is very important 
that all the ITER members and even, as it was said, some new one 
come in in such a way we get the best of the knowledge because 
we need absolutely frontiers, okay, expertise in many, many fields, 
and it was not easy to afford. 

I just want to point a fact. When we start with the ITER, okay, 
the superconducting material, the superconducting material we 
need, it was 15 tons produced per year worldwide. In many dif- 
ferent, okay, facility, we have no standard quality. We need this 
specific material 650 tons in order to be able to make, okay, ITER 
working. And so we have been coordinating the work, and if, okay, 
some partners was missing, we will fail. It takes six years to de- 
velop all this because now we have a 115-tons-per-year capacity. 
So, again, this project is so large due to the physics. 

According to my point of view, you could not expect to deliver, 
okay, massive fusion, okay, power if you have not the proper size 
to do that. I could explain to you in more detail, you know 

Mr. Eoster. I’m — I guess I am — I don’t want to over-claim, but 
I think I’m probably the only Member of Congress that’s designed 
and built a 100,000-ampere superconducting power transmission 
line, so I understand 

Dr. Bigot. So you know that. You know that. 

Mr. Grayson. I haven’t. 

Mr. Eoster. I understand — oh. I’m sorry. Ranking Member Gray- 
son. My apologies. The — but this is — ^you know, I have massive re- 
spect for what you’ve accomplished on this superconductor front, 
you know, to get industrially produced superconductor on the scale 
needed. 

On the other hand, when the United States signed up for the 
project, you know, the representation was made that this project 
was ready to go to an extent that in retrospect probably wasn’t the 
case. And so this is, you know, one of the things that we have to 
understand is, you know, given this history of cost growth is this 
really it? Do we have a schedule and a budget that we can really 
plan around and understand? And that’s — ^you know, that’s one of 
the tough questions that we have to struggle with here. 

Dr. Bigot. Okay. I want to make you fully aware that when I 
come in with my own, okay, professional experience, when I dedi- 
cate myself to something, I want to deliver. It’s why I have been 
working very, very straight in order to have a best evaluation of 
the cost of the schedule we propose, and I’m very pleased to say 
that as an independent review panel with 14 best world expert has 
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been going through all our schedule and, okay, cost estimate and 
I show on my slide they say it is complete, it is available, and we 
believe to do that. 

And now I want all the, okay, 10 staff, domestic agency, ITER 
organization staff, domestic agency staff, and suppliers to feel fully 
committed to deliver within budget and within, okay, schedule. 

Mr. Foster. You know, your predecessors also. I’m sure, were 
equally committed to understanding the project cost, I would hope. 
Anyway, I don’t want to get too much into history, but, you know, 
we have to be conscious of things. 

And another possible risk is that the United States will fulfill its 
bargains, and another country that you crucially depend on will de- 
cide it does not have the resources to commit. And how do we — 
how should we evaluate that risk as well? 

Chairman Weber. Does the gentleman intend to wrap up here 
in about a minute or so? 

Mr. Foster. That’s fine. I’m happy if that’s my last question. If 
I can get that answer, though, in. 

Dr. Bigot. So clearly, there is a large interest of fusion in the 
world. I expect that the United States will stay in. If not, for me 
the project is so important that we will have to go on and on, okay. 
But again, I am not really envisaging such hypothesis because I do 
believe if we are clear enough in what are the benefit for the 
United States to stay in, they will feel that it is worth to move on. 

Mr. Foster. All right. And I really thank you. And I want to be 
sure I don’t be seen as coming off not supportive of this project. I 
just want to understand the dimensions of the cliff that we’re play- 
ing near when we talk about the United States pulling out. 

Thank you. I yield back. 

Chairman Weber. I thank the gentleman. 

I thank the witnesses for their valuable testimony and the mem- 
bers for their questions. The record will remain open for two weeks 
for additional comments and written questions from the Members. 
The hearing is adjourned. 

[Whereupon, at 12:02 p.m., the Subcommittee was adjourned.] 
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Plasma Science and Fusion Center 
Massachusetts tnsitute of Technology 


77 Massachusetts Avenue, NW17-288 
Cambridge, MA 02139 
617.253.1748 whyte@mit.edu 


May 4, 2016 


Congresswoman Katherine Clark (MA-5) 
1721 Longworth House Office Building 
Washington, DC 20515 


Dear Ms. Clark, 

The development of fusion as a practical energy source is a grand challenge requiring a 
seamless coupling of science and technology. As the witnesses testified at the House 
Space, Science, and Technology Committee’s April 20th hearing, “An Overview of 
Fusion Energy Science”, fusion research is progressing rapidly. But additional advances 
in both science and technology are needed to reach the end goal — clean, safe, abundant, 
and affordable electricity from fusion reactors — quickly enough to address the growing 
global demand for low-carbon energy. T would like to offer a few observations related to 
committee members’ questions regarding how we might, as a nation, accelerate progress 
towards that goal. 

The U.S. fusion program has focused squarely on science for the last two decades, 
effectively to the exclusion of technology development. (While the international ITER 
project employs some “new” elements, the major technology choices were frozen-in 20 
years ago.) As Dr. Prager testified, the community’s understanding of magnetically 
confined plasmas has become much deeper through this fusion science research program. 
But the time has come to include aggressive exploration of new technologies in U.S. 
fusion policy. A growing number of fusion researchers recognize significant 
opportunities to utilize leading-edge technology in their work. Candidate technologies 
include new superconductors which can operate at very high magnetic fields, greatly 
reducing the size of fusion devices; advanced manufacturing techniques that permit the 
construction of fusion plant components of great complexity; and supercomputing 
capabilities to predict the behavior of the thermonuclear plasma and to provide accurate 
design tools for advanced fusion devices. 

Technology innovations provide an exciting opportunity to build smaller, less expensive, 
magnetic fusion experiments. Because they directly leverage all the plasma science 
advances our community has developed, they present very low science risk. They should 
quickly become more capable than today’s leading research devices — ^tokamaks or 
stellarators based on conventional technology — and will support the case for a major 
push towards fusion energy. Many such opportunities have been examined and were 
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Plasma Science and Fusion Center 
Massachusetts insitute of Technology 


identified in community-wide workshops held last summer. Reports were provided to 
DOE’S Office of Fusion Energy Sciences in late 2015, and DOE leadership has indicated 
a desire to work with the entire U.S, fusion research community to expand this planning 
process and develop a comprehensive vision for future fusion energy research. We 
support such an effort, which could effectively address the need for a balanced program 
including science and technology components. But Congress should urge DOE-FES to 
immediately support further exploration of the cost-effective, world-leading technology 
ideas identified in the workshops held to date, concurrently with additional planning 
activities. 

Sincerely, 


Dennis G. Whyte 

Professor and Head, Nuclear Science and Engineering 
Director, Plasma Science and Fusion Center 
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Chairman Randy WEBER 

U.S. House of Representatives 

Committee on Space, Science and 

Technology Subcommittee on Energy 

Rayburn House Office Building 

Wasliington, D,C. 20504 

United States of America 

St-Paul-Iez'Durance, 2 Nfay 2016 


Reference: DG/20t6/OUT/0170 (SY|9LR) 

Subject: Appreciation for April 20, 2016 bearing on fusion and FfER Progress 


Dear Chairman Weber, 


Thank you sincerely for the recent opportunity to testify before the Committee on ^ace, Science and 
Technology Subcommittee on Energy of the U.S. House of Representatives. The time and attention 
shma devoted by the Subcommittee to fosion rematch and the ITER Project was welcome and gratifying. 

I was particularfy encouraged by the repeated statements of support for ITER made by yourself 
^ and your colleagues. 

One of the more chaUenging points of communication regarding ITER is the complex cost 
and payments arrangement set foith in the ITER Agreement, This arrangement provides significant 
benefit to ITER Members, including the U.S., because the emphasis on in-kind contributions ensures 
kmasi members acquire valuable experience and direct know-how in ITER component manufacturing, 

rijssia associated economic benefit passes directly to companies in the Member countries. 

However, as was evident during die question and answer period, the complexity of the arrangement 
also creates impreciseness when calculating total costs. I am submitting for the record a short 
explanation on the estimated equivalent costs of ITER, which I hope will clarify this arrangement. 


Finally, I would like to extend a warm invitation to you and your Committee colleagues to visit ITER, 
to wimess first-hand the tangible progress we are making, and to get a sense of the value the U.S. 
is receiving through its participation in the ITER Project. We are committed to making ITER fiision 
the basis for safe, emruronmentally fiaendly, economically sound electricity generation. 
We are committed as well to being responsible and accountable to our stakeholders, including the 
ITER Member governments that fund us. We look forward to a continuing partnership. 


Yours sincerely. 



fTi'R liKmational Fusion E'wfgvOjgamsafeD. PhofH;',+33{0i4 42 i7 6&Gl; 17S6G0 
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Estimated Equivalent Costs of ITER 

making sense of ITER’s complex cost-sharing arrangement 

Under the ITER Agreement (November 2006), each ITER Member contributes 1/11 of the 
total construction cost, with the European Union, as an exception, responsible for the 
remaining 5/11. 

• To maximize the mutual acquisition of intellectual property and experience, each 
Member pays more than 80% of its share as an in-kind contribution, in the form of 
components and services procured by that Member’s Domestic Agency (DA). The 
procurement is based on specifications jointly developed by the ITER Organization 
(10) and the DAs and formally approved by the 10. 

• The remaining 10-20% of each Member’s share is paid in-cash to the ITER 
Organization, to allow it to fulfil its mission. The 10 is the central authority for 
overall design, manufacturing quality control and assembly, and (observing French 
nuclear and environmental law) owner and nuclear operator of the machine. 

This arrangement is precisely calculated for cash contribution costs for each Member: 
both past payments and future projections. 

However, the arrangement is by nature imprecise when calculating costs of in-kind 
contributions for each Member. 

• The apportionment of who contributes which components has been determined by 
the Members, by mutual agreement. But each Member’s Domestic Agency is 
responsible for its own procurement operations and contract oversight. 

• As a result, considerable cost variations can occur based on: 

o Labour costs (national and local) 
o Materials costs 
o Currency fluctuations 

o Efficiency of governmental procurement operations and contract oversight 
o Contract insurance and litigation costs 

o Size and organizational structure of each Member’s Domestic Agency 
o Decisions regarding timing, budgetary delays, etc. 

• Not all Domestic Agencies publish cost figures for their in-kind contributions to the 
10, for information. 

Total cost of the ITER Project: based on the above, the lO-CT has no precise mechanism 
for calculating exact total project costs by summing up costs from each ITER Member. 
However, by combining known costs, and assuming ITER and its components were to be 
entirely procured and built in Europe, a total estimated equivalent cost figure can be 
extrapolated within a reasonable range. 

• 10 costs: the total spent to date by the 10 is €1.4 billion. The 10 projects its 
remaining costs through First Plasma to be €5.5 billion, for a total of €6.9 billion. 

• EU costs: the EU has estimated its share of ITER costs at €6 billion. Dividing by the 
EU’s share (5/11) would indicate the total cost of Members’ in-kind contribution to 
be €13.2 billion. 

• Combining these costs gives a figure of €20.1 billion. Noting that EU procurement 
costs are somewhat above the Member average, the total ITER construction cost 
can be approximated in the range of €18-20 billion. 
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Additional notes regarding U.S. Costs 

The latest figures provided to the 10 by the U.S. Department of Energy project the total 
costs of U.S. contribution to ITER at approximately $6.5 billion, a considerable increase 
over 2014 figures of approximately $3.9 billion. U.$. representatives have indicated that 
this increase comes from two changes: 

1 . The November 201 5 projection of 10 costs indicated an increase of about €4 billion, 
of which the U.S. portion (1/11) would be €0.36 billion, or about $0.41 billion. 

2. In addition, the DOE adjusted its contingency calculations from 5% to 50%, which 
added approximately $2 billion to the total projection (from $4.5 to $6.5 billion). 

The total projected costs of the ITER Project, if based solely on the U.$. portion, would 
suggest a much higher figure (1 1 x $4.5 billion = $49.5 billion, or €44 billion). This would 
however be highly inaccurate, an inaccuracy attributable to the higher procurement and 
contract management costs in the U.$. when compared to other ITER Members. 
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Ranking Member Eddie Bernice Johnson (D-TX) 

Committee on Science, Space, and Technology 
Energy Subcommittee Hearing 
"An Overview of Fusion Energy Science" 

April 20, 2016 

Good morning, and thank you Chairman Weber for holding this hearing. It is clear that a breakthrough in 
fusion energy research could be a major step in enabling our clean energy future. Fusion has the potential 
to provide dean, abundant energy to the world, all while producing essentially no greenhouse gas 
emissions. Though we aren’t there yet, the policy decisions and research investments we make now could 
well make that key breakthrough come sooner. 

The largest and most well-known fusion experiment In the world is the ITER project. 1 had the 
opportunity to tour ITER last year and was quite impressed with the progress being made under the 
leadership of Dr. Bigot and I am very pleased that he is testifying today. The current rate of progress has 
not always been characteristic of ITER. I am pleased that, as the new Director-General, Dr. Bigot has 
brought on significant changes to I TER, including a new schedule, budget, and plan to get the project 
back on track. The project is more transparent than ever before and by all accounts the management is far 
more agile and responsive. 

In February, we received the Department of Energy’s Report on the Status of the ITER Project, which 
indicated substantial management improvements had been achieved over the past year. And just last 
week, an independent expert assessment of the new schedule was completed which, as noted in Dr. 
Bigot’s testimony, found similar progress in his short tenure to date. 

So once again, I thank you for traveling from France to be here with us today. Dr. Bigot. It is good to see 
you again and 1 look forward to hearing more details on the progress of the project. As you expressed to 
me previously, ITER can be an important step forward to harness the power of fusion for the benefit of 
the entire world. 

Although ITER tends to get much of the attention when we discuss fusion research, it is certainly not the 
only fusion-related investment we are making. The funding allocated to ITER in FY 2016 is only about 
25% of the DOE Fusion Energy Sciences budget. ITER will solve problems that the fusion research 
community can build upon, and ensuring its success is crucial. While the ITER experiment has the 
potential to answer key scientific and engineering questions in fusion ener^, the successful operation of 
ITER alone will not be sufficient to enable building a commercial scale fusion reactor, nor is it the only 
path forward. 

There are many promising fusion energy technologies and concepts worthy of further exploration, and it 
would be a terrible mistake if we did not find a way to better support these new innovative approaches 
through federally funded research and development. The Department’s Fusion Energy Sciences program 
is perfectly positioned to create these opportunities, but the funds devoted to it don’t seem commensurate 
with the potential benefits. That is unfortunate. 
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But recently, some of these researchers have found funding opportunities at DOE - just not from the 
Office of Science. Instead, ARPA-E is currently carrying out a three-year program to explore the potential 
for one of these concepts to lead to a reactor with far lower costs than more conventional approaches. We 
are fortunate to have Dr. Scott Hsu here today, who received the largest award from this program. I 
believe that his testimony will spark the interest of many here today to go beyond the well-justified call 
for more funding for fusion research, and also take a closer look at the full range of fusion research 
activities we should be supporting. 

Thank you Mr. Chairman. ! yield back. 
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